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I. COMMUNICATIONSRESULTINGFROMTHIS CONTRACT- 1977/1984

I. Brassard, J.R.; Correia, M.J. A computer program for fitting multimo-
dal density functions. Comput. Prog. Biomed. 7: 1-20; 1977.

2. Anderson, D.J.; Correia, M.J. The detection and analysis of point
processes in biological signals. Special Issue "Biological Signal Processing
Analysis." Proc. IEEE 65: 773-780; 1977.

3. Correia, M.J.; Landolt, J.P. A point process analysis of the spontane-
ous activity of anterior s_nicircular canal units in the anesthetized pigeon.
Biol. Cybern. 27" 199-213; 1977-

4. Correia, M.J.; Guedry, Jr., F.E. The vestibular system: basic biophy-
sical and physiological mechanisms. IN: Handbookof Behavioral Neurobiology,
Vol. I, Sensory Integration., R.B. Mas_erton, ed. NewYork, PlenumPress; 1978:
353-407.

5- Ni, M.-D.; Correia, M.J.; Rae, J.L.; Koblasz, A.J. A real-time mini-
computer progr_n for calculation of transfer function and coherence function by
digital Fourier methods. MIMI 77' Proc. of the Montreal Int. Showand Symp.on
Mini and Microcmputers, Nov. 11-18, 1977, Montreal, Canada. Long Beach, CA: IEEE
Catalog #77CH1347-4C;1978: 205-212.

6. Correia, M.J.; Eden, A.R.; Westlund, K.N.; Coulter, J.D. Autoradiogra-
phic demonstration of auditory and vestibular pathways in the pigeon by meansof
anterograde transneural transport. Soc. Neurosci. Abst. 5: 18; 1979.

7- Eden, A.R.; Correia, M.J. Horseradish peroxidase identification of
four separate groups of vestibular efferent neurons in the adult pigeon. Soc.
Neurosci. Abst. 5: 691; 1979-

8. Eden, A.R.; Correia, M.J. A study of the relationship between HRP-
labeled vestibular efferent neurons and catecholaminergic cell groups in the re-
ticular formation of the adult pigeon. Abst. of the Third Midwinter Research
Meeting-Association for Research in Otolaryngology. St. Petersburg, FL: Jan. 21-
23, 1980: p. 19.

9- Eden, A.R.; Correia, M.J.; Steinkuller, P.G. The distribution of hor-
seradish peroxidase-labeled proprioceptive neurons from individual extraocular
muscles in the adult pigeon. Soc. Neurosci. Abst. 6" 479; 1980.

10. Landolt, J.P.; Correia, M.J. Neurodynamicresponse analysis of ante-
rior semicircular canal afferents in the pigeon. J. Neurophysiol. 43: 1746-1770;

198o.

11. Perachio, A.A.; Correia, M.J. Transfer characteristics of anterior se-

micircular canal afferents in the anesthetized gerbil. Soc. Neurosci. Abst. 6:

558; 1980.
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12. Correia, M.J., Landolt, J.P.; hi, M.-O., Eden, A.R.; Rae, J.L. A spe-

cies comparison of linear and nonlinear transfer characteristics of primary

afferents innervating the semicircular canal. IN: The Vestibular System: Func-

tion and Horphology, T. Gualtier0tti, ecl. New Y_rk, Springer-Verlag; 1981:

280-316.

13. Correia, M.J.; Perachio, A.A.; Eden, A.R. Space motion sickness:

neural mechanisms of sensory conflict. 34th Annual Conference on Engineering in

Medicne and Biology (ACEMB) Abst. 1981: p. 237.

14. Eden, A.R.; Correia, M.J. Vestibular efferent neurons and catecholam-

ine cell groups in the reticular formation of the pigeon. Neurosci. Left. 25:

239-242; 1981.

15. Eden, A.R.; Correia, M.J. Improved fixation of the pigeon brain by

transcardiac carotid catheterization. Physiol. Behav. 27: 947-949; 1981.

16. Eden, A.R.; Correia, M.J.; Westlund, K.N.; Coulter, J.D. An autora-

diographic & HRP study of the vestibulocoll ic reflex in the pigeon. Abst. of the

Fourth Midwinter Research Meeting-Association for Research in Otolaryngology. St.

Petersburg, FL: Jan. 19-21, 1981: pp. 34-35.

17. Perachio, A.A.; Correia, M.J.; Clegg, T.

canal and otol ith afferents to linear acceleration.

1981.

Responses of semicircular

Soc. Neurosci. Abst. 7: 148;

18. C1egg, T.; Perachio, A.A.; Correia, M.J. Tilt responses of semicircu-

lar canal primary afferents. Otolaryngol. Head Neck Surg. 90: 103-107; 1982.

19. Correia, M.J.; Eden, A.R.; Westlund, K.N.; Coulter, J.D. Organization

of ascending auditory pathways in the pigeon (Columba l ivia) as determined by au-

toradiographic methods. Brain Res. 234: 205-212; 1982.

20. Eden, A.R.; Correia, M.J.; Steinkuller, P.G. Medullary proprioceptive

neurons from extraocular muscles in the pigeon identified with horseradish peroxi-

dase. Brain Res. 237: 15-21; 1982.

21. Eden, A.R.; Correia, M.J. Identification of multiple groups of

efferent vestibular neurons in the adult pigeon using horseradish peroxidase and

DAPI. Brain Res. 248: 201-208; 1982.

22. Eden, A.R.; Correia, M.J. An autoradiographic and HRP study of vesti-

bulocollic pathways in the pigeon. J. Comp. Neurol. 211: 432-440; 1982.

23. Perachio, A.A.; Correia, M.J. Evidence that single vestibular primary

afferents respond to both angular and linear acceleration. Abst. of the Eighth

Extraordinary Meeting of the Barany Society, Basle, Switzerland, June 22-25, 1982.

24. Anastasio, T.J.; Correia, M.J.; Perachio, A.A. Spontaneous activity

and driven responses of semicircular canal primary afferent neurons in the alert

pigeon. Soc. Neurosci. Abst. 9: 525; 1983.
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25. Correia, M.J.; Eden, A.R.; Westlund, K.N.; Coulter, J.D. A study of
someof the ascending and descending vestibular pathways in the pigeon (Columba
l ivia) using anterograde transneuronal autoradiography. Brain Res. 278: 53-61;

26. Perachio, A.A; Correia, M.J. Responsesof semicircular canal and otol-
ith afferents to small angle static head tilts in the gerbil. Brain Res. 280:
287-298; 1983.

27. Perachio, A.A.; Correia, M.J. Design for a slender shaft glass micro-
pipette. J. Neurosci. Meth. 9: 287-293; 1983.

28. Perachio, A.A.; Correia, M.J.; Kevetter, G.A. Functional and
morphological characteristics of gravity-sensitive primary canal afferents.
Neurosci. Abst. 9" 739; 1983-

Soc.
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Fig. l
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TABLE I

Distribution of number of type I hair cells/calyx for three pigeons whose

anterior ampullary neuroepithelium was sectioned in either the horizontal

(H), transverse (T), or longitudinal (L) plane.

#/Calyx H-Plane T-Plane L-Plane Grouped %

_ £ % _ % L-Plane

1 304 28.3 205 21.7 318 28.3 I

2 215 20.0 215 22.8 265 23.6

3 208 19.3 190 20. I 214 19. I

4 132 12.3 140 14.8 137 12.2

5 92 8.6 90 9.5 101 9.0

6 53 4.9 48 5.1 43 3.8

7 32 3.0 27 2.9 29 2.6

8 20 1.9 14 1.5 8 0.7

9 9 0.8 8 0.8 5 0.4

10 7 0.7 5 0.5 I o.1

11 2 0.2 I o.1 o 0.o

12 I 0.0 o o.o I o.1

£ 1o75 ** 1o0.0 943* 99.8 1122 99.9

# type I HC 3233 2937 3135

*3 sections not recovered

*'I section not= recovered

28.3

63.9

7.7
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III. PROGRESS REPORT - APRIL I, 1981/November 30, 1983 (2 yrs, 7 mos)

Listed below are journal articles, abstracts, and as yet unpublished

work which have been sponsored in part by this grant. Following each

citation is a brief summary paragraph which describes the primary finding

or findings of the communication. Also presented and underlined, are

findings which relate to the rationale or methods of the renewal propos-

al. Selected communications are appended•

A. Articles in Refereed Journals

• Eden, A.R.; Correia, M.J. Vestibular efferent neurons

and catecholamine cell groups in the reticular formation

of the pigeon. Neurosci. Letts. 25: 239-242; 1981.

Sections of the pigeon brainstem were treated with

glyoxylic acid (GA) following endolymphatic injection of HRP. HRP-
labeled efferent cells in the nucleus reticularis pontis caudalis were

examined for both fluorescense and HRP reaction product. The absence of

fluorescense of HRP-labeled vestibular efferent neurons in the reticular

-formation appears to preclude the existence of a direct central (nor)

adrenergic component projecting to the vestibular end organ in the

pigeon. However, close intermingling of HRP-labeled vestibular efferent
neurons and GA-induced fluorescent neurons within the nucleus reticularis

pontis caudalis suggest that there may be an indirect central adrenergic

influence on the labyrinth, perhaps mediated by vestibular efferent neu-
rons .

2. Eden, A.R.; Correia, M.J. Improved fixation of the

pigeon brain by transcardiac carotid catheterizatlon.

Physiol. Behav. 27: 947-949; 1981.

A technique was developed for selective and controlled

fixation of the brain and upper spinal cord in the pigeon by in vivo

transcardiac bilateral carotid catheterization and pump perfusion. This

me_hod yields a blood-free and well fixed labyrinth, brain, and upper

spinal cord. We were previously unable to achieve such good fixation in

the pigeon using standard mammalian intracardiac perfusion techniques•

• Correia, M.J.; Eden, A.R.; Westlund, K.N.; Coulter, J.D.

Organization of ascending auditory pathways in the

pigeon (Columba livia) as determined by autoradio-

graphic methods• Brain Res. 234-212; 1982.

A mixture of tritiated proline and fucose was injected and

contained within the labyrinthine endolymphatic space in white king pi-

geons. Using standard autoradiographic techniques, transneuronal

labeling of ascending auditory pathways was noted to the level of the

mesencephalon. Clear labeling was noted in the ipsilateral and contrala-

teral superior olive, lateral lemniscus and dorsal part of the lateral

mesencephalic nucleus. These results suggest that, in general, the as-

cending auditory pathways in the pigeon are more similar to those
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described for mammals than previously thought.

4. Eden, A.R.; Correia, M.J.; Steinkuller, P.G. Medullary
proprioceptive neurons from extraocular muscles in the
pigeon identified with horseradish peroxidase. Brain
Res. 237: 15-21; 1982.

Horseradish peroxidase was injected along the central axis
in one of the six extraocular muscles in each of eighteen pigeons. HRP-
labeled proprioceptive neurons were located in the ipsilateral nucleus
descendens nervi trigemini (TTD) for all muscle injections. The HRP-
labeled neurons in the pigeon TTD following extraocular muscle (EOM) in-
jections suggest that at least part of the afferent (proprioceptive)
innervation of the pigeon EOMcourses via the trigeminal opthalamic divi-
sion directly to the ipsilateral TTD, coursing through the semilunar
ganglion but in keeping with the topographic pattern of the distribution
of the trigeminal rami.

5. Clegg, T.; Perachio, A.A.; Correia, M.J. Tilt responses
of semicircular canal primary afferents. Otolar[ngol.

Head Neck Surg. 90: 103-107; 1982.

Preliminary observations - Fifty-four vestibular primary
f

afferents were identified and tested with the head in either the standard

position (horizontal SC's in the earth's horizontal plane) or pitched +

i0 degrees or rolled + i0 degrees. Recordings were made in a whole brain

animal. Animals were--anesthetized with a combination of urethane and ke-

tamine. Among all lateral and anterior SC afferents in the test sample,

30% exhibited a significant tilt response (change of at least 10% in MFR

re standard position). Of the 8 lateral SC afferents tested, 100% showed

a decrease in firing rate of 10% or greater when the nose was pitched up

10 degrees; seventy-five percent showed an increase in firing rate when

the nose was pitched down i0 degrees. These responses were reproducable

with replication of the tilt paradigm.

6. Eden, A.R.; Correia, M.J. Identification of multiple

groups of efferent vestibular neurons in the adult

pigeon using horseradish peroxidase and DAPI. Brain

Res. 248:201-208; 1982.

Horseradish peroxidase was injected and confined within

the endolymphatic space of one labyrinth in 9 adult pigeons. In 9 addi-

tional pigeons DAPI was also injected and confined within the

endolymphatic space in one labyrinth. Five different groups of HRP-
labeled vestibular efferent neurons were identified. Three groups were

located within the confines of the ipsilateral vestibular nuclear complex

(in the lateral, tangential, and descending nucleus), and two groups

(each bilateral) were located in the reticular formation. DAPI-labeled
cells were noted in 3 of the 5 locations (tangential nucleus and both re-

ticular groups) which in other animals contained HRP-labeled cells. The

finding of vestibular efferent neurons in the vestibular nuclei remains a

controversial issue.

. Eden, A.R.; Correia, M.J. An autoradiographic and HRP

study of vestibulocollic pathways in the pigeon.
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J. Comb. Neurol. 211: 432-1982.

The right biventer cervicis and complexus neck muscles

were divided into rostral and caudal halves in i0 animals and HRP was in-

jected into one-half of one of the two muscles in each experiment.

Tritiated proline and fucose was injected into the left labyrinthine en-

dolymph in 5 animals. Brains of animals which had received HRP

injections were processed using the tetramethylbenzidine (TMB) blue reac-

tion process. Sections of the brains' of the 5 animals which received

endolymphatic injections of tritiated proline and fucose were processed

using standard autoradiographic methods. Three groups of HRP-labeled mo-

toneurons were identified in the ipsilateral ventral horn of the upper

cervical spinal cord: a ventromedial group and a ventrolateral group

within lamina VIII innervating the biventer cervicis and the more rostral

part of the complexus muscle and a dorsolateral group within lamina VII

innervating the caudal part of the complexus muscle. Labeled motoneurons

were also observed in the ipsilateral medulla adjacent to the medial lon-

gitudinal fasciculus in a location previously identified as the

hypoglossal nucleus. The same clusters of motoneurons identified in the

brainstem and spinal cord which were observed to be HRP-labeled were also

overlayed by silver grains after autoradiographic processing•

• Correia, M.J.; Eden, A.R.; Westlund, K.N.; Coulter, J.D.

Ascending and descending vestibular pathways in the

pigeon (Columba livia) as demonstrated by anterograde

transsynaptic autoradiography. Brain Res. (in press,

1983).

A mixture of tritiated proline and fucose was injected

into the endolymph of one of the membranous labyrinths in each of 5 white

king pigeons. The labyrinth was r_sealed and the animal was allowed to

surviv_ fo_ 15 days B_ain and upper pa_ts of the --=--_ -^-_-• _F_,=_ were sec=

tioned and processed by standard autoradiographic procedures. Structures

related to ascending and descending vestibular pathways were labeled to

the level of the mesencephalon and the cervical spinal cord. Structures

which were heavily labeled and which are associated with the ascending

vestibular pathways included all of the ipsilateral vestibular nuclei,

but none of the contralateral vestibular nuclei, the contralateral medial

longitudinal fasciculus, the contralateral abducens and trochlear nucleus

as well as two parts of the oculomotor nucleus - the dorsolateral part

and the ventromedial part. Less heavily labeled ipsilateral vestibu!o-

ocular-related-structures included the medial longitudinal fasiculus, ab-

ducens nucleus, and the vennrolateral edge of the trochlear nucleus. The

dorsomedial part of the oculomotor nucleus was heavily labeled on the

side ipsilateral to the injected labyrinth. The medullary core of most

folia but primarily the medullary core and granular areas of folia IX and
X of the cerebellum were labeled. Contralateral structures associated

with descending vestibulospinal pathways which were heavily labeled were

the medial longitudinal fasciculus, terminal fields around a column of

motoneurons in the brainstem, the ventral funiculus, and terminal fields

around motoneuron clusters in lamina VII and VIII of the upper spinal

cord. A correlation was noted to exist between those components of the

vestibulo-ocular and vestibulospinal pathways which were heavily labeled

and those which have been shown to be excitatory in mammalian e!ectrophy-

siological studies.



Page- 4C

. Perachio, A.A.; Correia, M.J. Responses of semicircular

canal and otolith afferents to small angle static head

tilts in the gerbil. Brain Res. (in press, 1983).

Single unit activity was recorded from SC primary

afferents in anesthetized or decerebrated gerbils. In decerebrated pre-

parations, canal afferents exhibited significantly faster discharge

activity (average = 87.8 impulses per sec) than that of canal afferents

in anes%hetized preparations (average = 66.2 impulses per sec) when the

head was held so as to position the lateral SC's coplanar with the

earth's horizontal plane (standard position). A comparison was made

between the MFR in the standard position and following tilt of the animal

i0 degrees about either its left/right or fore/aft head axes. A change

in activity, from that recorded in the standard position, of 10% or

greater was considered significant. Significant changes in the tilt re-

sponse in anesthetized animals was observed in both anterior (23/47, 48%)
and lateral (22/31, 71%) canal afferents. In decerebrate preparations

using tilts about the left/right head axes, comparable effects were

measured in (19/36, 53%) anterior and (17/30, 57%) lateral canal affer-

ents. Neurons with irregular firing activity were more likely to change

their average discharge rate with static tilt.

I0. Perachio, A.A.; Correia, M.J. Design for a slender

shaft glass micropipette. J. Neurosci. Meth.

(in press, 1983).

Methods for construction of long slender shaft glass mi-

cropipettes are described. These pipettes are comparable in diameter to

metal microelectrodes that have been used to record from small targets

located deep within the brain. The advantages of slender glass micropi-

pettes over metal microelectrodes are that: l) they can be reliably

produced, 2) dyes can be iontophoretically injected from them, and 3)
both extra- and intracellular recordings are feasible.

B. Abstracts of Results not yet Published

io Correia, M.J.; Perachio, A.A.; Eden, A.R. Space motion

sickness: neural mechanisms of sensory conflict.

Abstracts of the ACEMB Symposium, Shamrock Hilton

Hotel, Houston, Texas, Sept. 21-23, 1981: p.237, 22.10.

A thesis was put forward that space motion sickness could

be the result of either: a) intralabyrinthine neural conflict; b) neural

conflict between labyrinthine signals and those from other sensory sys-

tems (e.g. vision, proprioception etc.) or 3) an ina?propriate mode of

response from one of the labyrinthine receptors. To support the last

supposition, data were presented which showed that a certain percentage

of semicircular canal primary afferents were gravity sensitive, signal

head tilt, and therefore, may signal a response of the SC's to weight-

lessness.

• Kemmerer, C.E.; Correia, M.J.; Perachio, A.A. An analog

alternative to the digital anti-alias filter used to

pre-process neuronal spike train data for Fourier

analysis. First Southern Biomedical Conference, Shreve-

port, LA, June 7-8, 1982.
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An analog method of anti-alaising action potential
trains was developed and tested against the traditional digital method
developed by French and Holden (1971a, b) . The new method permits on-

line processing of an action potential train resulting from alias free

application of the fast Fourier transform• When amplitude ratio and

phase relationships between stimulus velocity and semicircular canal af-

ferent single unit responses were compared, using our method and the

French-Holden method, mean output/input and phase differences were 1.4 dB

and 0.6 degrees, respectively.

• Anastasio, T.J.; Correia, M.J.; Perachio, A.A. Spon-

taneous activity and driven responses of semicircular

canal primary afferent neurons in the alert pigeon.

Soc. Neurosci. Abstr. 9: 525; 1983.

Spontaneous and driven responses from a sample of 124

semicircular canal (SC) primary afferents were studied in a chronic,

alert pigeon preparation and compared to responses previously obtained

from a barbiturate anesthetized pigeon preparation• In the alert prepar-

ation, the spontaneous mean firing rate (n = 124) was found to be 168

impulses/sec. In contrast, the spontaneous MFR reported for a sample of

124 horizontal canal primary afferents from a barbiturate anesthetized

pigeon preparation was 92 impulses/sec. (Lifschitz, W.S. Brain Res. 63:

43-57; 1973). In the alert pigeon, the spontaneous MFR is biased upward
by 82.6%.

Four alert pigeons were subjected to two sets of sum of
sinusoidal rotations over the bandwidth 0.029-6.152 Hz. Best-fit trans-

fer functions were determined for i0 intermediate and 5 irregular SC

pzim_cy _ff_ents.

int. - H(s) Gs i i4(9.9s + 1)-i(0. _= " u_s + i)

irr. - H(s) = Gsl'10(9.2s + i) I(0 02s + i)

The best-fit transfer function for 14 anterior ampullary afferents in the

anesthetized pigeon across CV classes over the bandwidth 0.01-2.0 Hz was

found to be (Landolt, J.P. and Correia, M.J. J. Neurophvsiol. 43:

1749-1770; 1980)

H(s) = Gs 1"24 (10.2s + 1)-i

. Perachio, A.A.; Correia, M.J.; Kevetter, G.A. Func-

tional and morphological characteristics of gravity-

sensitive primary canal afferents. Soc. Neurosci.

Abstr. 9: 739; 1983.

In the anesthetized gerbil, a large percentage of physio-

logically identified lateral (71%) and anterior (48%) canal afferents

respond to static changes in head tilt. In the decerebrated gerbil, sig-

nificant changes in firing rate (> 10%) were also measured when the head

was tilted + i0 degrees about the pitch (left/right head) axis.

Afferents (_ = 50) were also injected with HRP. As previously reported

for the human and cat Scarpa's ganglion neurons (Kitamura and Kimura,
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1982; Chat and Sans, 1979) multipolar neurons have been identified with
branching axonal or peripheral (dendritic) processes. These results sugq

gest a possible mechanism for converging inDuts from different

labyrinthine receptors or for feedback from central efferent axons on to

vestiDular ganglion cells.

C. Unpublished Results and Pilot Data

l . Analysis of primary afferent responses in the unanesthe-

tized pigeon (Anastasio, Correia, and Perachio, in

preparation).

Spontaneous activity was recorded from 120 semicircular

canal (SC) primary afferents in 8 alert white king pigeons. Eighteen

canal afferents in four alert pigeons were tested subsequently using an-

gular rotation. During testing, each animal was blindfolded and

restrained in a gimbaled test apparatus. Part of this apparatus was the

U-frame of a stereotaxic holder (Fig. i) .

L
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Figure 1

A schematic illustration of the method used to couple the
alert pigeon preparation to the stereotaxic apparatus. This
coupling occurs when a chronically implanted head bolt is se-
cured to a modified carrier which is attached to one stereo-
taxic arm. Also shown in this figure are capped recording
wells. At the time of the experiment, the caps are removed
and a microelectrode is lowered through the well to intersect
postganglionic vestibular primary afferents (histologically
verified) as they course toward the brainstem.
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The bird's head was coupled to the frame by an L-shaped bracket. The
bracket was fastened to one arm of the stereotaxic U-frame by way of a _
stereotaxic carrier base and to the bird by clamping onto a stud which
was chronically implanted on the bird's head (see insert Fig. i) . The
s_ud was implanted so that when the bird's head was held by the L-shaped
bracket, the horizontal SC's were in the stereotaxic horizontal plane and
the bird's mid-sagittal head plane was coplanar with the mid-sagittal
vertical plane of the stereotaxic U-frame. The head stud was chronically
implanted on the pigeons skull by the following procedure. Slots were
cut into the skull behind the eyes and two stainless steel #256 screws,
whose heads had been machined flat, were inverted, inserted into the
slots between the dura and the cranium and secured with nylon nuts. Near
the front of the skull and at the base of the beak, a third #256 stain-
less steel screw was screwed into a naturally occurring triangular pocket
of bone. These three screws were attached to the head stud using dental
acrylic. Two holes (4 mm in diameter) were trephined into the skull at
stereotaxic coordinates which were known to correspond to the entry point
of a microelectrode tipped i0 degrees forward which would intersect the
vestibular nerve in its medial course between Scarpa's ganglion and the
vestibular nuclei. Pre-machined nylon tubes were tilted I0 degrees for-
ward, placed over the holes in the cranium, and secured to the head stud
and the anchoring screws by dental acrylic. It was determined empiri-
mally that the microelectrode had to track through the brain at a i0
degrees forward angle to miss a deep intracranial artery in the brain
between the brain surface and the vestibular nerve. The nylon tubes were
capped between recording sessions.

Single unit recordings were made using slender (0.2 mm)
glass microelectrodes (Perachio and Correia, in press, 1983a) carried
inside a stainless steel guide tube (26 gauge). The guide tube, with the
micropipette inside, was lowered to a position 2 mm above the vestibular
nerve and the micropipette was then advanced toward the nerve with a hy-
draulic microdrive. The micropipettes, filled with either 2 or 3 M NaCI,
routinely had tip diameters ranging beween 1 and 2 um and impedance
values between 6 and 12 Mohms (measured at 1 KHz).

The gimballed superstructure which held the animal was
mounted on the platform of a Contraves-Goertz model #823 rate table. In

" the pigeon's horizontal SC's were coplanar withthe "standard position,
the earth's horizontal plane of rotation. The animal could be manually
rotated or statically tilted to any angle between + 90 degrees in either
pitch or roll. Once an afferent was physiologically identified (Blanks
and Precht, 1976; Perachio and Correia, 1983b) by a series of pitches,
rolls, and yaws as an anterior, posterior, or horizontal ampullary affer-
ent, it was tested. To test the vertical ampullary afferents, the animal
was rolled 90 degrees, placing the sagittal head plane in the plane of
rotation, and rotated about an earth vertical axis. To test the horizon-
tal SC's the animal was yawed about an earth vertical axis. Rotational
stimuli included two single sinusoidal rotations and two bandwidths of
sum of sinusoidal rotations. The low and high frequency single sinusoi-
dal rotation stimuli were at 0.147 and 1.465 Hz, respectively. The low
and high bandwidth sum of sinusoidal rotational stimuli ranged from
0.029-0.615 Hz and 0.293-6.152 Hz, respectively. The reference signals
for these rotational stimuli were produced by a programmable ROMfunction
generator (Kemmerer et al., unpublished method). Tachometer output
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served as the rotational stimulus signal with which the responses of SC

primary afferents were compared. Peak velocity of each frequency was

pre-programmed to be 20 deg/sec. A linear accelerometer (Entran EGC 240-

SD) was mounted on the animal holder (off-center) and tests were made of

phase error of the tachometer signal re the tangential linear acceler-

ation signal. Phase errors ranged from 3.98 degrees, at 0.029 Hz to

-1.38 degrees at 6.15 Hz.

Spontaneous activity was gathered from horizontal canal

units with the animal in the standard position. Spontaneous activity was

gathered from vertical canal units with the animal in the standard posi-

tion or rolled 90 degrees (right ear down). Neural activity was

amplified by conventional electronics and tape recorded for off-line

analysis. The bandwidth of the amplification and recording system was

i00 Hz-10 kHz.

All data were analyzed off-line using a DEC PDP 11/20

minicomputer. The mean, standard deviation (SD) , coefficients of vari-

ation (CV), skewness (BI) , and kurtosis (B2) (Pearson and Hartley, 1976)

were calculated using 1024 interspike intervals (ISI's) (measured with i0

us resolution) from a segment of spontaneous activity. Responses to rot-

ation were analyzed using two methods. In the first method, cyclic

"histograms of binned impulse frequency were formed. Either a single sign

or sum of sinusoids were fit through the histogram using a least-square

algorithm. Phase relations and amplitude ratios were calculated between

the digitized tachometer signal and the best-fit curve to the cyclic his-

togram response• The second method consisted of using an analog filter

to convert the modulated AP train into a smoothly modulated DC voltage

(Kemmerer et al., 1981). Amplitude ratio and phase relationships were

calculated between this signal and the tachometer signal using cross

was found between the amplitude ratios and phase values using either

method (Mann Whitney U statistic, P > 0.05). The _,_Its presented below

used the cyclic histogram method of analysis. Transfer functions were

fit to the AR and phase values using a nonlinear least squares method

(Brassard et al., 1974).

Additionally, 26 units were tested using the tilt paradigm

described in Perachio and Correia (1983b). Activity was recorded with

the pigeon in the standard position and then pitched + I0 degrees or + 30

degrees. A segment of 1024 intervals was analyzed following 30 sec of

tilt in one of these positions. Mean firing and other first order sta-

tistics of activity gathered under each of these static tilt conditions

were compared with activity gathered while the animal was in the standard

position (horizontal SC's coplanar with the earth's horizontal plane).

Analysis of spontaneous discharge was performed on 120 SC

primary afferent neurons from eight alert pigeons. Of these, there were

31 horizontal, 82 anterior, and 7 posterior afferents. No significant

difference was observed, when comparisons were made between spontaneous

activity, mean IS, for the following SC combinations: anterior versus

horizontal (t = 0.28, df = Iii, P > 0.7); anterior versus posterior (t =

1.05, df = 87, P > 0.2); horizontal versus posterior (t = 1.06, df = 36,

P > 0.i) . Spontaneous activity was gathered from 21 of the 82 anterior
afferents while the animal was maintained in a 90 deg roll right posi-
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tion. No significant difference (t = 0.82, df = 80, P > 0.4) between

mean ISI was noted for spontaneous activity gathered in this tilted posi-

tion when compared to that gathered when the animal was tested in the

standard position. The tilted anterior afferent's spontaneous data were

pocled with that gathered in the standard position. This pooled data

were then combined with that gathered from horizontal and posterior af-

ferents and a histogram of the distribution of spontaneous MFR's (the

reciprocal of mean ISI's) for the alert pigeon preparation is presented

in Fig. 2A.
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Figure 2A

A histogram of mean frequency of firing (imp/sec) for 120

primary afferents in the alert pigeon preparation (shaded).

These data overlay a distribution of mean frequency of

firing (imp/sec) for 149 vestibular primary afferents obtained

from a barbiturate anesthetized pigeon preparation (unshaded).

In this figure it can be seen that the mean frequency of

firing is clearly higher in the alert pigeon preparation.

From this figure it can be seen that the mode MFR fell in bin 140-160

imp/sec. The mean of the MFR was determined to be 167.6 imp/sec _+ 7.3

(SEM) . The median MFR was 161.4 imp/sec. Individual MFR values varied
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from 8 to 396 imp/sec. For comparison, also presented in Fig. 2A is a

distribution of spontaneous MFR's from a sample of 149 anterior SC affer-

ents from barbiturate anesthetized pigeons (Correia and Landolt, 1973).

Spontaneous discharge was gathered from anterior ampullary afferents

using metal microelectrodes with the pigeons rolled 90 degrees from the

standard position. The spontaneous MFR for the anterior ampullary affer-

ents was 93.3 imp/sec + 5.3 (SEM). Lifschitz (1973), using glass

micropipettes studied _he spontaneous activity of 124 horizontal ampul-

lary afferents in the barb'iturate anesthetized pigeon tested in the
standard position. He found the mean MFR to be 92 imp/sec. The mean MFR

for the alert preparation data shown in Fig. 2A, was compared with the
mean MFR for the barbiturate anesthetized data also shown in Fig. 2A.

The alert mean MFR was significantly faster than the mean MFR for the an-

esthetized data (t = 11.82, df = 267, P < 0.005, one tailed test).

Figure 2B presents the distribution of CV's of SC primary

afferents. Coefficients of variation ranged from 0.06 to 1.40. Arrows

indicate arbitrary divisions of the distribution in the three categories

of "regularity of firing." An afferent was considered to be regular if

its CV was less than 0.i; as irregular if its CV was greater than or

equal to 0.4; and as intermediate if its CV value was greater than or

equal to 0.i and less than 0.4. Using this division, 35/120 (29%) were

classified as regular; 37/120 (31%) were classified as irregular; 48/120

_(40%) were classified as intermediate. Lifschitz (1973) studied the CV

distribution of 122 horizontal SC afferents from the barbiturate anesthe-

tized pigeon preparation; 36/122 (29%) had CV's < 0.i; 46/122 (38%) had

0.i < CV's < 0.4; and 40/122 (33%) had CV's > 0.4. A distribution of

these data are also presented in Fig. 2B.
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Figure 2B

A distribution of coefficient of variation for spontaneous

activity in 120 vestibular primary afferents in the alert

pigeon (shaded). This distribution overlays a distribution

of coefficient of variation for 122 vestibular primary af-

ferents in the anesthetized pigeon preparation (unshaded).

Since the mean firing rate in the alert pigeon preparation

is clearly higher than that of the anesthetized pigeon

preparation (Fig. 2A) but the coefficient of variation

is the same (Fig. 2B) , the standard deviation (SD) must de-

crease proportionally with the increase in mean frequency

of firing.

A scatter plot of mean ISI against SD (based on 1024 in-

tervals) for 120 ampullary afferents from the unanesthetized pigeon is

plotted in Fig. 2C. Also presented in this figure is the best-fit power

function and 99% tolerance limits (Wiesberg and Batey, 1960). A best-fit

power function provided a significantly better fit to these data than a

best-fit straight line it = 8.60, df = 118, P < 0.01; Williams and Klut
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test). The equation and correl_ti/_ coefficient (r) for the power func-
tion fit was: SD = 0.049 (ISI) ; r = 0.86. Correia and Landolt
(1978) regressed mean ISI against SD for 51 anterior ampullary afferents
in the anesthetized pigeon. The best-fit power func{1. Q_7whi_hl_t those
data was described by the equation: SD = 0.072 ISI ( -- )-, r =
0.81.
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Figure 2C

A plot of the relation of standard deviation and mean interspike

interval (reciprocal of mean frequency of firing) for the alert

pigeon preparation. The power function relationship between

standard deviation and mean interspike interval is illustrated

by the straight line regression of log SD versus log mean inter-

spike interval. The parameters of the equation shown in this

figure and the correlation coefficient of the best-fit straight

linear regression line are very similar to those determined for

these variables in the barbiturate anesthetized pigeon (Correia

and Landolt, 1978). The dashed lines in this figure represents

99% tolerancce limits on the regressed data.
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Figure 2D is a scatter plot of the coefficient of skewness
(BI) against the coefficient of excess (B2-3) (coefficient of kurtosis

(B2) -3.0).

D SPONTANEOUS ACTIVITY

B1 VS (B2-3)

B1-B2+1=O

B1=0

A (TYPE I!1)

PROCESS

-°
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Figure 2D

A linear-linear plot of the coefficient of skewness (BI)
versus the coefficient of excess (coefficient of kurtosis

(B2)-3). These data represent points derived from 120

vestibular primary afferents in the alert pigeon preparation.

It can be seen in this figure that a large number of points are

concentrated near coordinates (0,0) . These coordinates corre-

spond to those which are associated with the normal distribution.

However, it can also be noted that the remaining points align

themselves along a straight line which have been identified with

the family of probability density functions associated with the

gamma and Wiener-Levy processes.

It can be seen that the values of B1 plotted against B2-3 align themsel-

ves along a straight line. Also it can be seen that a large oercentage
of values are clustered around coordinates (0,0). Pearson and Hartley

(1970) have shown that these coordinates are those of a normal distribu-
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tion probability density function. Two families of probability density

function (pdf) distributions are described by straight lines in the B1

vs. B2-3 plot which are close to the straight line of points which we

have plotted in Fig. 2D. These pdf's are the family of gamma distribu-

ticns and the family of distributions describing the first passage times

of particles undergoing Brownian mozion as they pass through an absorbent

barrier (the Wiener-Levy process). Correia and Landolt (1978) plotted B1

vs. B2-3 for anesthetized pigeon primary afferent spontaneous discharge.

They noted the same pattern as shown in Fig. 2D but the points were more

scattered. However, this difference could be due to measurement resolu-

tion. Correia and Landolt (1978) measured the ISI's using 1 ms

resolution; the data in Fig. 2D was gathered measuring ISI's with 10us

resolution.

In summary, it appears that the major difference between

spontaneous discharge on SC primary afferents in the alert pigeon prepar-

ation when compared with the barbiturate anesthetized pigeon preparation

is an 83% increase in the MFR for the alert (unanesthetized) pigeon pre-

paration.
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Figures 3A and B present Bode plots of the driven

responses from i0 intermediate and 5 irregular SC primary afferents.
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Figure 3A

A Bode plot of mean log AR and phase re velocity over the

bandwidth from 0.029 Hz to 6.152 Hz. Units included in the

average plot in this figure had coefficients of variation for

their spontaneous activity which ranged between 0.I and 0.4.
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Figure 3B

A Bode plot (with same axes as Fig. 3A) of average data for

vestibular primary afferents in the alert pigeon preparation

whose coefficient of variation of their spontaneous discharge

was > 0.4. As expected, these data show a greater gain en-

hancement and phase advance at higher frequencies than those

illustrated in Fig. 3A.

Best-fit transfer functions based on the data in Figs. 3A and B and as-

sociated mean square errors (MSE' s) are:

int. - H(s) = Gsl'14(9.gs + l)-l(0.01s + i) , HSE = 0.ii;

irr. - H(s) = Gsl'10(9.2s + l)-l(0.02s + !), MSE = 0.12.
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By comparison, Landolt and Correia (1980) determined the mean best-fit
transfer function for 14 ampuliary afferents in the barbiturate anesthe-
tized pigeon across CV classes over the bandwidth 0.01 to 2.0 Hz. That
equation is presented below:

H(s) = Gs!'24(10.2s + i) -I.

Although the number of units tested for both the anesthe-
tized and alert pigeon preparation is small, the following suggestions

can be made. The so-called "cupula long-time constant" (see review-

Correia et al., 1981) is not different for the alert pigeon preparation

when compared to the barbiturate anesthetized pigeon preparation (9 sec

vis-a-vis I0 sec). As for squirrel monkey (for example, Fernandez and

Goldberg, 1971) , at high frequencies, a gain enhancement and phase ad-

vance exists for intermediate and irregular units. In the pigeon, this

operator appears to take effect over the bandwidth 2-6 Hz. Sensory

adaptation (see, for example, Correia et al., 1981; Schneider and Ander-

son, 1974) appears to be less in the alert pigeon preparation when

compared with the mean value derived from the best-fit for anterior am-

pullary afferents in the anesthetized pigeon (Landolt and Correia,

1980). The part of the fractional exponent of s in the transfer function

_which has been related to adaptation was 0.24 (mean across CV categories)

for anesthetized pigeon and 0.14 for intermediate units; 0.i0 for irregu-

lar units in the alert pigeon..

Gain was compared at 0.292 Hz from equations presented

above. It was determined that at 0.292 Hz gain for the anesthetized

pigeon was 2.9 imp/sec/deg/sec and for the unanesthetized pigeon 3.1

imp/sec/deg/sec.
°.
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Table 1 summarizes the tilt responses of SC primary affer-
ents in the unanesthetized pigeon preparation.

Table 1

TILT SENSITIVITY OF SEMICIRCULAR CANAL PRIMARY

AFFERENTS IN ALERT PIGEONS

Afferent

type

Degree of

tilt

Number of

units tested
Number of tilt

sensitive units

% of tilt

sensitive unit

lateral i0 15 53.3%

lateral 30 66.7%

f

anterior I0 ii 5 45.5%

anterior 30 4 4 100.0%

-°

Units were tested during head pitch tilts of + i0 degrees

=_,/_r .... Aegree tilt _sition _-_ ' -- ".......... _^ _ In at l===t one other head
tilt position. Units were considered tilt sensitive if their

discharge rate in a i0 degree or 30 degree tilt position differed

by 10% or more from their discharge rate in the zero degree tilt
position.

It can be seen from this table that 26 ampullary afferents

(15 horizontal, ii anterior) were tested at + i0 degrees and + 30 degrees

pitch tilt. For + i0 degrees pitch tilt 8/i_ horizontal and _/II ante-

rior afferents had MFR's which differed from those in the standard

position by least 10%. This result extends the findings of Perachio and

Correia (1983b) who, using similar methods, have demonstrated the same

tilt response in the anesthetized and decerebrate gerbil.

. Development of a method for a chronic implantable

bipolar stimulating electrode in the labyrinth of

an unanesthetized pigeon (Hoddeson, Cooper, and

Correia, unpublished observations).

Ten pigeons were used to develop a method to produce a

chronic implantable bipolar stimulating electrode within the pigeon's

bony labyrinth. On the day of surgery, each animal was deeply anesthe-

tized with a combination of nembutal and ketamine. The bony labyrinth
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was exposed using a post auricular approach (Correia et al., 1973). An

attempt was made to remove a minimum number of bony air cells and yet

clearly visualize the labyrinthine structures that was the target site of

the stimulating electrode. Electrodes were successfully implanted proxi-

mal to the lateral and posterior ampulla as well as over the vestibule.

Once the labyrinthine target site was visualized, two stainless steel

tubes (26 gauge) are each positioned by a micromanipulator just over (1/2

mm) but not touching the bony labyrintine structure. The bony skull

defect was then reconstructed with dental acrylic so as to hold each

guide tube (separated by 1/2 mm) in place. After the second guide tube

was secured in place and the entire skull reconstructed, the skin flap

which was reflected during the first phase of the surgery, was replaced

over the reconstructed skull and the two guide tubes were exteriorized

through the skin. Prior to this surgery, each animal had received the

head holding device implant shown in Fig. i. The method of guide tube

implants just described, avoids any bone erosion or foreign body reaction

since the stainless steel guide tubes do not touch any part of the

animal's labyrinth or skull bone. Our animals appear to tolerate this

implant well and two pigeons have surived for five months without any ob-

servable adverse affects of having the guide tube implants. On the day

of the experiment, two prefabricated stimulating electrodes were lowered

through the guide tubes to touch the bony labyrinth. These stimulating

electrodes consisted of teflon-coated silver wire (0.I0 mils thick). The

insulation had been removed from 0.2 mm of the end of the silver wire and

this surface had been silver-silver chlorided. The opposite ends of the

wire had been soldered into a small plug which was attached to the head

restraint device using dental acrylic. The resistance through the stimu-

lating electrodes was measured as they were lowered through the guide

tubes. We concluded that we had made contact with the bony labyrinth

when: a) resistance values were no Longer infinite but reached a typical

value of about I0,000 ohms and b) after traveling through the guide tube

a premeasured distance we could feel pressure against the wire after

proper electrical mechanical contact was assured. The electrodes were

then tacked into the guide tubes with dental cement. Using these elec-

trodes we have been able to orthodromically drive neurons in the lateral

vestibular nucleus and produce nystagmic responses from the alert pigeon

using electrical pulse trains and DC polarizing currents. At the end of

the experiment, the stimulating electrodes were removed from the guide

tubes. For subsequent experiments, the procedure was repeated, that is,

a new set of stimulating electrodes were reinstalled through the guide

tubes to touch the membranous labyrinth and the stimulating paradigm was

repeated.

. Single unit neural responses in the lateral vestibular

nucleus to intracardiac injection of scopolamine

(Hoddeson and Correia, unpublished observations).

Six pigeons were selected and implanted with head holders

and recording wells (Fig. i). Three of these pigeons received indwellinc
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labyrinthine stimulating electrodes and two then received indwelling
venus catheters. The catheters consisted of silastic tubing 0.020 x
0.037 in. The tubing was inserted through the medial wing vein and ad-
vanced toward the heart. The catheter was advanced 7 cm and stopped when
blood pulsation could be visualized in the catheter. Subsequent post-
mortem examination of on one pigeon indicated that the catheter had been
positioned in the animal's right atrium. The catheter, attached to a
capped syringe needle was then sutured to the pigeon's wing and the
pigeon was returned to its cage. After several days, each pigeon with an
indwelling venus catheter, and an indwelling labyrinthine stimulating
electrode (as described in last section), was installed into a stereotax-
ic apparatus. Single unit recordings were obtained from neurons in the
lateral vestibular nucleus of the alert pigeon using the methods de-
scribed in section II.C.I. These neurons were physiologically
characterized as responding to yaw angular rotations and tilt. Then DC
current steps were applied to the labyrinth (Lifschitz, 1973). This
electrical stimulation produced an increase or decrease in firing rate
depending upon the polarity of stimulation.

A typical single unit response from a lateral vestibular
neuron responsive to yaw acceleration (type I) is shown in Fig. 4A.
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Figure 4A ..

A photograph of a hard copy of a video terminal display of

a frequency of firing histogram of a single lateral vestibular

nucleus neuron's response to step-current-electrical stimulation

of the labyrinth in the alert pigeon. A comparison of the Y2

values indicates that electrical stimulation increased the firing

rate from a spontaneous level of 48 imp/sec to 480 imp/sec.

Although constant step current stimulation was provided, the

mean firing rate fell to within one-half of its peak value in

the next 0.241 sec.

The frequency of firing histogram illustrates that application of the

step polarization current was followed by an increase in activity which

immediately decayed even through stimulation was still applied. The ex-

perimental paradigm was repeated for the same unit but i0 min. after

0.173 mg of scopolamine had been administered intraveinouslv.

,¢
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Figure 4B presents the frequency of firing histogram for

the same neuron as presented in Fig. 4A during electrical stimulation but

following drug injection.
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Figure 4B

A frequency of firing histogram for the same lateral vestibular

nucleus neuron depicted in Fig. 4A, except that this frequency

of firing histogram was produced i0 minutes after intracardiac

injection of 0.173 mg of scopolamine. The spontaneous firing

rate is reduced to 24 imp/sec. This spontaneous rate is also

increased I0 fold by current-step-electrical stimulation of the

labyrinth. However, in contrast to the data presented in Fig. 4A,

frequency of firing during constant electrical stimulation did not

decrease to one-half amplitude until 4.64 sec. This decay rate

is 19 times that noted for the same neuron in the pre-scopolamine-

injection condition.

Prior tO injection of scopolamine, the binned frequency of firing decayl

to half value in 241 ms after the step current was applied to the laby-

rinth. Ten minutes following injection of the scopolamine, the time to

half amplitude was lengthened to 4.64 sec-a change of 19 times. Since
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electrical stimulation of the labyrinth presumably bypasses the mechani-
cal part of the cupula-endolymph system, it would seem that this

preliminary pilot data suggests that scopolamine either affects the

nature of convergence of neurons onto vestibular nuclei cells or modifies

the process involved in sensory adaptation of the end organ receptor

itself. In a later section, we will propose to examine this phenomenon
(first at the level of the primary afferents) in a more detailed and con-

trolled set of experiments.
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• Scanning and TEM of Scarpa's ganglion and the

vestibular neuroepithelium of the pigeon (Rae,

Eden, Landolt, and Correia - unpublished observations).

We (Landolt et al., 1975) examined the morphology and

geometry of neural surfaces and structures associated with the vestibular

apparatus of the pigeon. We used scanning electron microscopy (SEM) and

examined among other things, Scarpa's ganglion (SG). We noted that in SG

(Fig. 5 below fibers of unknown

origin which eminated and which terminated

as pods (P) on other cell

- Fig. 8A, Landolt et al., 1975) thin

m hate from an axon and a cell body
ther cell bodies.

"""-

._.-.-,_._ ,.,

Figure 5

A collage of photomicrographs of the pigeon's vestibular

ganglion• Figures 5A-C are SEM photomicrographs; Figure 5D

is a light photomicrograph. In these figures it can be seen

that although cells appear to be myelinated (Fig. 5C) pod-like

a_tachments (P) can be observed on ganglionic cell bodies

(Fig. 5A).
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These structures suggested to us that there might be synaptic processes

in SG. However, using freeze-fracture techniques and SEM, it appeared to

us that the majority of the cells in SG were myelinated. To try to un-

derstand if there could some mechanism Whereby synaptic contact could

occur in SG between myelinated cell bodies, we extended these studies

using TEM.

Figure 6 shows a low power TEM photomicrograph of a mye-

linated SG cell body and Fig. 7 shows a high power TEM photomicrograph of

an axonal process apparently inside the mylin sheath of a cell body with

an interposing thick membrane reminiscent of chemical synaptic processes

but with no synaptic vesicles.

Figure 6

A TEM photomicrograph of a bipolar ganglion cell in the

pigeon's vestibular ganglion. Myelin can be seen surrounding

the cell body and its two axons. No synpatic processes were

noted proximal to this cell.
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Figure 7

A high power TEM photomicrograph showing an axon which passes

inside the myelin sheath of an adjacent.vestibular ganglion cell.

The axon extrudes a process which contains unidentified bodies

but which makes contact with the soma of the adjacent ganglion

cell, in part, through a thickened membrane.

We did not pursue these investigations since we assumed that all of the

pigeon SG cell bodies were myelinated and we could find few precedents

for synapses onto myelinated cell bodies. We wish to reopen these inves-

tigations in light of recent interesting findings. Kitamura and Kimura

(1983) have shown that in one human, the majority of SG cells are

unmyelinated and a certain percentage of them are multipolar and make sy-
naptic contact with other cells in SG. There is an accumulating

literature which suggests that multipolar cells may exist in SG in spe-

cies other than man (cat - Chat and Sans, 1979; gerbil - Perachio et al.,
1983).

For several years, we have also been studying the sensory

neu.roepithelium of the pigeon's crista ampullaris. We have been studying

the distribution and number of type I hair cells contained in a given
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calyx. Figure 8A presents a low power TEM photomicrograph of a cross

seczion through an epon embedded crista ampullaris of the pigeon.

Figure 8A

A TEM photomicrograph through the crista ampullaris of the

pigeon. This photomicrograph illustrates the variation of hair

cells seen in a given region in the sensory neuroepithelium.

In this figure, a type II hair cell, a single type I hair cell,

and 4 hair cells contained within a single type I nerve calyx

can be identified. Also, boutons containing dense spherical

synaptic vescicles can be noted proximal to each of these three

types of hair cells.



Page-29C

it can be seen from this figure and Fig. 8B (a photomicrograph of the
crista using interference light microscopy) that in the pigeon, multiple
hair cells are contained within a single neural calyx.

)

Figure 8B

An interference light microscopy photomicrograph of the slope

of the crista ampullaris of the lateral ampulla in the pigeon.

This figure illustrates the variable number of hair cells which

can be contained in a single type I nerve calyx.
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We have preliminary evidence, that in the pigeon, these multiple hair
cells in a single calyx are differentially distributed on the cristae.
They are primariiy distributed on the slopes at the bases of the cristae,

while single type I hair cells (Fig. 8C) are distributed with type II

hair cells on the apeces of the cristae.

Figure 8C

A TEM photomicrograph of a single type I hair cell. Arrows

point to afferent (light chalice-shaped structure) and efferent

(dark vesiculated structure) terminals within the vestibular

neuroepithelium of the pigeon.
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In a later section we will propose to continue these studies as an ad-

junct to a series of neurophysiological studies investigating

postsynaptic potentials within the vestibular neuroepitnelium

D . Progress Expected During the Period from

December i, 1983-March 31, 1984

This time period represents the final portion of the third year

of this current grant period. During this time, experiments initiated in

the second and third years will be completed. Preliminary results from

ti]ese experiments were presented in Section II.C.I. During the final

four months of the grant period, more single unit data will be gathered

from the alert pigeon preparation. Specifically, efforts will be focused

on obtaining driven responses from regularly firing horizontal ampullary

afferents in the alert pigeon using procedures detailed in Section

II.C.I. Bode plots will be determined for the regularly firing afferents
and a mean transfer function will be fit to these data. It is anticip-

ated that the long-time constant for this transfer function will be

approximately 9 seconds as was the case for the intermediate and irregu-

lar afferent transfer functions presented in Figs. 3A and 3B.

Furthermore, based on previous work with anesthetized animals (Fernandez

and Goldberg, 1971; Schneider and Anderson, 1974; Landolt and Correia,

_980) it is anticipated that the transfer function will not contain the

zero operator which has been ascribed to cupula velocity sensitivity

(Fernandez and Goldberg, 1971). Finally, it {s anticipated that the
coefficient (k) of the adaptation operator (s) in the transfer function

will be smaller than those we determined for irregularly firing (k =

= . . _a _on0.i0) and intermediate firing (k 0 14) afferents If this expec _ _

is true, then it will be noted that the mean coefficient of the adapt-

ation operator for the sample of afferents from the alert pigeon is but

half as large (less adaptation) as-the mean coefficient (across CV class)

we found in the barbiturate anesthetized pigeon (Landolt and Correia,

1980; k = 0.24) 8

Also during the remaining time period in the third year of this

grant, pdf's will be fit to ISI histograms for selected units along the

straight line regressing B1 and B2-3 (Fig. 2D) . Candidate pdf's which

will be fit (Brassard et al., 1975, 1977) are: the normal, log normal,

gamma, and first passage time of the Wiener-Levy process. Goodness of

fit of probability density function will be determined by lowest MSE.

The probability density function which best represents most of the selec-
ted units will be determined. We (Correia and Landolt, 1978) have used

this method in the past to make inferences about the nature of synaptic

events occurring in the sensory neuroepithelium as they relate to the

production of spontaneous discharge on vestibular primary afferents. The

rationale for this approach will be developed in the next section where

we propose to test the inferences which we (Correia and Landolt, 1978)

have made by actual measurement of synaptic events in the pigeon's sen-

sory neuroepithelium.
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CURRENT PRESE_TATIONS AND PUBLICATIONS REBATED TO CONTRACT

i. Correia, M.J.; Eden, A.R.; Westlund, K.N.; Coulter, J.D. Auto-

radiographic demonstration of auditory and vestibular pathways

in the pigeon by means of anterograde transneural transport.

Neurosci. Abstr. 5:18; 1979.

2. Landolt, J.P.; Correia, M.J. Transfer characteristics of

primary-afferent semicircular canal units in the pigeon.

Neurosci. Absts. 5:691; 1979.

3. Eden, A.R.; Correia, M.J. Horseradish peroxidase identification

of four separate groups of vestibular efferent neurons in the

adult pigeon. Neurosci. Abstr. 5:690; 1979.

4. Landolt, J.P.; Correia, M.J. Neurodynamic response analysis of

anterior semicircular canal afferents in the pigeon (J. Neuro-

physiol. (in press 1980).

5. Correia, M.J.; Landolt, J.P.; Ni, M.-D.; Eden, A.R.; Rae, J.L.

A species comparison of linear and nonlinear transfer charac-

teristics of primary afferents innervating the semicircular

canal. Vestibular Function and Morphology. Springer-Verlag;

(in press) 1980.

B. OUTLINE OF ACCOMPLISHMENTS (January i, 1979 - January i, 1980)

I. Defined four discrete clusters of efferent vestibular neurons in

the pigeon's medulla oblongata at the level of the vestibular nuclei using

retrograde transport of horseradish peroxidase.

2. Determined ascending and descending auditory and vestibular path-

ways in the pigeon using transsynaptic transneural anterograde transport

methods.
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.;. COm.,[:] "-' t_:cl a _:,.:qu<:nc:y and tim.' d_;m,_i,'_ _l;' _.'y:;,,: ,)f [t im,_'/ aL,_.t,,,-I

._ata fz-or:_ the F'J f.;eon,

4. Develope_i a cc._;Ruter progr;,m t<. anai;,ze neur_p!',ysio!og.:.cni singJc

Uni% re:::,-;:,._esto trar.,_,:,-cidal, ,.,h_;te noise, and -_inuso',,1_l ,:ti:._,...1::.

5. DeveJo..',ed [n:oc<_iL:res for chronic L'ecor<ling of act[oR potentials

from primav,j afft'rents li: an awa:.:e g,.H-bil prel;aratic._:.

C. DETAILED DESCF_iPTI_>;_ O17 ACCO[.IPLISI:._.IE_;TS (Januar% i, 1979 - January l, 19_;0)

i. Define{] four area.'; of eff.,rent ve._:t_bular neurons in the piqeon

medulla oblon_(_ta at the [ev6_l cf the vestibular nuclei.

Objectives

The obDectivcs for this area of research during the past year were

%0: (a) continue to refine a procedure which permits u[.::ake of ho[-3eradish

pe_ox_..L_s_ (HRP) by efferent vestibular teEminals in t|:e vestibular an_. auditory

sensor'., neuroepitheii_.; witho'_It risking uptake by other axonal fibers related

to st_'uctures which m:,ke contact with the neri]ymDhntic :_pace and (b} use the

above procedure to determine the loca[ion, extent, an,d existence of efferent

vestibular neurons.

P_'ogres'_

To m_:,..'tobjc, ctiv_ (a) listed above, we have ,_,,.velop(,d _ l,roccdu__'

for injection f f HRP into the endelymphatic space :.;ithout leakage into the

contiguous pc.rilymphatic space, Tile details of this procedure are o:lt!ine_ in

Pig. I. In ess._uce, a:: illustrat.":] irl thi _- f.!_u_-e, a m_cropipette is qlu,_d

into the t::ansect_:. "_,end of the a:,t(-rior semizircular (iuct and HRP is i._jec;:c.,1

throug]_ the l.n_:,::op_pe_te into the endol_,."n.,Fhatic ].Jq_._id wi:ere it mixes with the

liquid and circulates throughout the e:_dol',Tnphatic, space. Foilowinc inje::tion,

the cut ends of the :;emicircular ducts are cauterized shut and the aniE;._i is

.r._ermitted to survive. Dur__i,q the fo]_owinq 24 hours, ,:ither through a break-
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down within the uensory neurocpithelium or through absorptio,_, the uff_:_'cut

and afferent vestibular sensory terminals ta]:e up the HRP. This method differs

from l-_,-evious meti_ods (e.g., Gacek and Lyon, 1974; Goldberg and Fernandez, 1977)

since we have ve_-ified that when using this method, H?_P does not come in contact

with neural str_lctures which are bathed by perilymph. Using this methodology

we have conducted two series of experiments during the past year. The results

of the first serie_ will be reported in this section and the second will be

reported in the next section.

HRP was injected and confined for 16 to 21 hours in the endolymphatic

space of one labyrinth in five adult pigeons. Amounts of 0.5 _i of 50% HRP

were delivered through a micropipette glued in=o the transected anterior semi-

circular duct every i0 to 15 minutes until a total of 7 to I0 _Ii was injected.

The brain and labyrinths were fixed by bilateral transcardiac intracarotid

cautherization. HRP was reacted by the tetramethylbenzidine blue reaction

proc,-:_:5. 'I%;enty to fou_-ty micTun Frozc_ suction'; w_:rc m_du of the bl;aJn .,ud the

_ux_o_l,_ observations, ...__k are s....._4_=A _ r;_gc 9 a_. _# were nnt_.d

Fig. 2 shows a camera lucida drawing of a transverse sectlo"_ of the brain and

illustrates the clusters of labeled neurons. As may be noted in Fig. 2 some of

these cell groups are within the vestibular nuclei while others are within the

reticular formation. The cell groups within the reticular formation appear to

be large multipolar neurons which appear to be distributed equally bilaterally

(mean + SD ntumber of cells each side: 49 + 25). The majority of these cells

were found to be clustered close together in the nucleus reticularis pontis

caudalis immediatelly ventro-latero-caudal to the abducens nucleus. A second

cluster of labeled similar size multipo]ar neurons was also noted within the

same nucleus but adjacent and medial to the nucleus paragigantocellularis
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!atcrails and ve::tro-la_ero-caudal to the first group of labeled cells. These

cell groups arc identified in Fig. 2 as areas 3 a;_d 6 respectively. Within the

iD:_ilateral vestibular nucleus complex, labeled efferent neurons (mean + SD

number of cells: 77 + 25) were also noted to cluster in distinct grou!:s in

ti_e majority of the animals we tested. A group of medium size bipolar cells

were located within the tangential vestibular nucleus (region 5, Fig. 2)

adjacent to and intermingled with larger multipolar labeled neurons in the

latero-caudal part of the inferior (descending) vestibular nucleus (region 5,

Fig. 2). A second grcup of large mul_ipolar labeled neurons (possib%y Deiters

cells), interspersed with labeled med_m sized round and triangular cells were

noted to cluster _n the medial pole of ti:e lateral vestibular n acleus (VeL)

adjacent to the nucleus laminates (region I, Fig. 2). Another group of small

labeled neurons were aiso noted in the ipsilateral nucleus laminaris (region 2,

Fig. 2). These neurons may reoresent, cochlear efferent neurons. Fig. _,_shows

sagitta! plane sections of the rclatio,_ship of these r,_gions whJci_ are presented

for the transverse plane in Fig. 2.

It appears from the data presented in Figs. 2 and 3, that in the

p_geon there is not one discrete group of cells which c_r.,priso the cell 5odies

for the efferent vestibular system bu_ rather there are distinct groups cf

cells which are distributed throughout certain of the vestibular nuclei and

regions of the medullary retucular formation.

These data are different from those presenteo for the squirrel monkey

(Goldberg and Fernandez, 1977) and for the cat (Ga¢:ek and Lyon, 1974). However,

they are generally in agreement with those presented for __he guinea pig and

rabbit (,%ossi and Cortesina, i_65). As did we, Ro_si a_] Cortesina (1965)

found multiple clusters of efferent vestibular neurons. The finding that o_ly
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one cluster of efferent vestibular neurons apparently exists for the monkey

and cat could be a) because of species differences or b) because of technique

differences. P_ssi $,nd Ccrtesina (15,65) used a variety of techniques to de-

lineate the different clusters of efferent w__stibu!ar neurons in the guinea pig

and rabbit. We contained IIRP within the endo]ymph for long periods of time.

Goldberg and Fernandez (1977) and Gacek and Lyon (1974) injected HRP into the

perii_._nphatic space.

Future Plans

During the next year of this contract we will attempt to determine

if electrical stimulation of each of the regions we have identified as sites

of efferent neuron clusters have any effect on single unit discharge from

vestibular primary afferents in the pigeon. Moreover, we will attempt to use

additional histological procedures to determine if some of the clusters of cell

bodies which we have identified have peripheral processes which are cholinergic.

Goldberg and Eernandez (1977) argued that since efferent terminals on the neuro-

epithelium are cho!inergic, these processes and somas should be sensitive to

acetylcholinesterase incubation. The specific details of each of these areas

of research will be presented in the subsequent section--RESEARCH I'ROPOgA[,

(1980- 1981).

2. Determined ascending and descending auditory and vestibular pathways

in the pigeon u_:ing trnnssynaptic transneural anterograde transport

methods.

Objectives

The objectives for the past year for this area ef r__search were (a)

to contain radioactive substances in the endolymphatie space for long periods

of time to [_r:nit tran_synaptic an_erograde transport to take place and (b)

use autoradiogral_hic tecl.niques tG find first-, second-, and F_ossibly third-order

projections of the cochlea and tht_. vestibular apparatus.
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_r__e s_s

Using the same procedure illustrated in Fig. i, we injected an equal

Farts mi:_ture of L-[:_]{] pro]ine c.ld I-[6--_H] fucose (5i _IC_/_I) into z}-.c endo-

il._phatJc :_pace of the left mei,"_._:,-anouslabyrinth in five white king _i_ecns. A

total of one Z1 of the above solution was injecteu into the anterior semicircular

canal over a period of one hour. Following injection, the cut ends of the ducts

were sealed by cauterization and the animal was allowed to survive for 15 days.

The brain, spinal cord, and labyrinths were fixed with 10% buffered formalin

delivered by bilateral transcardiac in_racarotid catheterization. Serial

paraffin secticns (15 micrens) were p_epared by standard autoradic,<raphic tech-

niques. Fig. 4 is a darkfield photomicrograph of a transverse section through

the brain of one of the pigeons at the level of the cochlear branch of the

eighth cranial nerve. Auditory structures which were heavily ]abeied anal which

can be noted to bo. lighter than surrou;iding structures ir_ this [ho_omicroq'.:aph

are the left cochlear nerve (NVIIc), the left angular nucleus (An), and nhe

left magnocellular nucleus (MC). Roztral auditory structures which labeled due

to transsynaptic transport included the ipsilateral and contralateral superior

(.dive, the ipsilatcral and c¢_ntralateral lateral lemni:;cus, am:_ th,_ contralat{,ral

nucleus mesencephali lateralis parsdorsalis (:.ILD), the analog of the mammalian

infe[-ior colliculus. While other structures such as _he cochlear nuclei, the

la_era! ieml%iscus, and th( Mi.D have been demonstrated previously u_{ing anatomical

degeneration studies, our observation of labeling in the avian su_'erlo'_- olive

?:as not heretofere to our k:_owledgc, been reported. Oth,;r new findings resulted

from this exp,.rimentation and one of tt_em is il!ustratcd in Fig. 5. It can be

seen in Fig. 5 tiLat a symmetry exists with regard to labeling within the avian

oc:ulomotor nucleus. Specifiually, ::e observed that on the side ipsilatera] to



Page-10D CONFI D.':TIAL AND

PRIVILEGED _ '0 ""_llr. FJ,_,_TION

Pi gure 4



Ct,,.'_: [ D!.rN'i [;.._. -,TX_

._-P!VI_ "_,_Ei" !LFC.PJ'::TICN

Page-liD



Page- 12D

PRIV[ LEi]ED I:.'VOR_LRT!ON

the situ of in;}recti_,_, t.he doz's,_-mcdial com.r_-_n_:nt cf t]_e oculomotcr nucleus

was heavily labeled; however, thu ver_.tr,_--medlal and dor:_':-],%tera] comloonents

were not. On the oth'_,r hat,d, contrala_:era] to the inj _cti,_:_.sit,_, the

ventro-megial and dorso-la, teraL componcnt._ ;,:ere },eav_iy labeled aT_d t}_e

dorso-medial component was not. Thus, a cIeer topcgrar-hlc projection within

the oculomotDr nucleus al_parently cxistu fo_" each labyrinth. Other.- au,iitory

and vestibular structures which were identified but which do not re_.rescnc new

contributions to knowledge were as follows: Axlditory _tructures - auditory

structures ipsilateral to the side of i_jection _;hic}" were labeled were; coch-

lear nerve, a,_qu'.,ar nucleu_, magnoceliuJ_,.r nucleus, later_[ ]emniscus, and

\'e:_tra/ nu'-'leus of the._ .[atu1-_l lemniscu_. Labeled st',ucturcs contrala-_eral to

the ::idc o:--injecti_,:, inci_,.ded n},e l,_teral lemni:;cua a::d _lentra! nucleus of

the lateral ]cz:nisc:us. :.'esrihular stru; :.ures - vc._:tibular structure._; ipsi]ateral

to tn.e side of i:_jectton which w,._re heavily labeled were: the vestibular nerve,

all _;'-x w_stibular n_,clei, and the cerebel!o-vestibular lateral p_?ocess. Luss

heavily !abeie:[ ipsilate,_-al st::-uctures included: tLe medial longitudinal

fasci':u!us, ter_.inations o_% mctorncurons in the medial arid lateral part of the

ventral grey of the sl:/n,]] cord and the abducens, ocuiomotor, and trochlear

nuclei. Contralatera! vestibular structures which were heavily labeled were:

the medial longitudinal fasciculus, terminations on motoneurons in the medial

and lateral pr:rt ,}f the ventral grey of the spinal cord and the eculomotor,

trochiear, and ab_.uc_:ns n_clei.

Fut,_r<' Plans

A:; in t}_ case of retrograde transport of HRP, anterograd_ transport

of tritiated prcli:_e a_d fucose provided new and important info_nnation. [k)w-

ever, this _nf,a._nation is confounded b3, the fact that using the methodology
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i] lu_;_.;'._ted Jr, FiU. i, both audit..or, ui..] vt{stibu!ar afferc-nt anC ,:ff_-z,-.i:tt,._-

mina!s _.,icn u:) the labeling matc[ia! mecause these terminals share corr_or: end,:-

i'_TmFha tic space.

To deal with this situatit.n duri,;g tile nt.'xt y,._.a_:.:_:will ,:.x.-...-'ut_,t}:..

fo__!owing set of ,experiments. We will repeat the experimc;_ts that we ha',e ,-::-.-2.-

duct,.td during the past year, that is, injeczing HRP and a mixture of proLine

and fucose lute the endolymphatic space of one of the labyrinths in the pigeon.

liowever, the injection will not be made until all of the nerve branches inner-

rating all of the end organs except the one c.f inter{;::u have been 3ectlon.ud.

71]at is, we will, for exalnple, determine which of the ;,rejections that we }-ave

identified for both the vestibular ant" cochlear cn,a o_]$_:_s are i;,nrt o:! the

vestJb_:lar system by first, sectioi:inq t.hc cochlear J-:,_'rvein ai" animal; ],:u the.

anim,Li survive from fc)u_ to six we6.]<s and t.i:_n inject i:!-,:!ab,_]ing suLst.-znc:e

Jl_.tc th£' en:7ol-_:_p.hn[i,: space. We r._a..on zha'. 4 to 6 ,...(:oksf_llowJnq ;, n;_<:-

rcc<omy there will lie degeneration of t]i_ ::erve fib,:=s in uh.&.cut br.'_,ches and

thas_ _. f_,bers wilL! _ot transport the !.abe!ing substa_..ce to the brain, f_: future

years :...'{:will selectively section eaul_ of the compci,.ur, t branches of the vestib-

ular nerve to determine the centln] nervoin; system ru_._._'c:ions <:f both vo':ti[ u]ar

and auditor], afferents. Using HRP, the blue reaction product tetramethylbenzidJ_ne

procedure, arid triziated prolir_.e and fucose, we sl<cu!d be able to use ant,_zo-

grade and retrograde transport to identify higher order .T_rojections from each

of vhe labyrinthine end organs as well as the cochlea.

3. Completed a fr:,quency and LJm< dom_._in analysis of l'rimary affer,?nt

dat{_ from the piqeon.

Obj e';t iv,':s

Our go.ls in t-his area of res_arch wure twc.-fold: (a) to em::.irica]ly

.-.ha1_'.cterizc the dynamic response of the pigeon's scmic, ircular canal p_-im,_ry
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afferent syste,,:; an(] (b) to deve]o:p a me_nirlcful ma,-l_-:matical model to explain

the _,-s_onse dy::amlcs we..Db:_eYved.

Proc:ress

We have recently compl_,tc,'k _ thorouqh analysis of single unit data

from pigeon vestibular primary affcren_s (s(:_ attached manuscript--Appendix I.)

in wh:ich we attempt<._d to characterize both the linear and nonlinear transfer

characteristics of single unit data. We used both sinusoidal and pulse angular

acceleration stimuli and concentrated our analysis pr']mari!'/ on anterior s'-mi-

curcular canal afferents. We found tha_. intensity function plots of ,_.eak first

harmonic neural _-esi'o_,se plott_.d against pea]- sinusoida] angular acceleration

produced two types of relationships: one ,,-as a linear relationship and the

_-, _-_ _ " nonlinearsecond was a nonlinear relationship. Those units "..!_ich d:mon=_ra__a a

relationship for their il.tensity function were fit well by a power law function.

_%e exF,onent of ti,t, fu-,,-t ion varied as frequency varied and it became closer

and closer to unity with insreasinz values of frequency. In general we found

_i_,'moan ,_-SI"M for the coefficient of nhe power function to be, i.(]86 + 0.00-_3

for the units we thorou:shly investigated. The data from all of the units we

k/ LS+l )inve:;t.igatcd fit _hc I.rans[,2r f_mct, i,'),l,G' (s) = Cs (l , wlmre C is a gain

constant, 0 _< k _< i, ?.nd T L, a time censtant for the single pole, can be con-

sidered to be the loncl-time constant of a classical torsion pendulum model.

The vakue of T L varie(L from 4.45 seconds to 13.61 seconc]s (mean +_ SEM = 10.24

+ 1.20 seconds}. The value of ],:varied from 0.017 to C.66. We found that

there was a reianionsi,ip between the degree of re,gularity of the resting dis-

charge for a gi-en afferent an<] the parameter k. ._l-c_If-,..%ll%, the larger the

coefficient of variati¢m (CV) the _='¢'-,_- the value of the corresponding k When

re ....iting f:-om time domain stimulation using accelerationwe analyzed data - =_,"
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.i'ulses and modeJc,', th(- respoilses with Lilt' Laplace trai_.<.[orm of _.i<" eq',_atio::

just presented, :.:efound that there wa._ a re!ationsi]i:, between the value of k

and the amount of adaptation that a _:nit showed dur[;_q various c]urati_ns of

_ulse anaular acceieratJon_:. We observed that the larger the v._lue of k, the

i,lore adaptation a unit _.xhibited. The fact is illustrated in Fig. 9 ' "-_

contained in the accompanying manuscript (Appendix I.). ",_ drew several con-

clusions base,_ on our theoretical and cmpirica]y analyses of the data. Specif-

k
ically, ,..,econcluded that the term s which is contained in the transfer

function for pigeon data generally is a_.plicable to the description of adaptation

phenomena for most species (see Correia etal., 1980). Moreover, we concluded

k
that the tezun s can be mathematically decomposed into an expression containing

a series of po]ynor, lials in s in the numerator and the denominator. The first

term of this expansion k°TlS/(Tls#-l) iw:s previously been shown to describe the

so-called adaptation properties in the dyi:amics of the semicircular canals.

For the pigeon we found that ::leun (_+ SEM) T 1 = 77.18 (+ 12.06) seconds. We

k
suggest that the s operator desc,.ibes a qeneral b_o, io_isa! rela'xation phenomenon

+ +

which is inherent in time varying neuroelectric Na /K transport processes such

a:: occur ]n the ve:;tibular nt_til.-ot:l>itho] ium. The, c'c,u;l,_ ;;,uil:; of the_o proco.,;.,;es

are summ, ed with the receptor potenzial in the hair cell to produce an adaptation

k
phenomenon. Furthermore, we suggest that the term s , by virtue of the fact

that it can incorporate primary, secondary, and tertiary adaptation phenomenon

and since it has been fouled to characterize adaptatioiJ phe._omenon in other

sensory receptors in other species (for exam_:le see, Thorson and Biede_m_<In'-Thorson,

1973), is more than just a mathematical convenience but is a powerful descriptor

of adaptation p,_-ccesses within sensory neuroepithe!ia.
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Future Plans

In both our time domain and frequency domain analyses of primary

afferent data in the pigeon, obvious nonlinearities were observed for some of

the units. We suspect that these nenlinea:'ities may be contributed by: (a)

nonlinearities inherent in the receptor potential from hair cells within the

vestibular ncuroepith_lial system, (b) nonlinearities contributed by the

generator potential within the sensory neuroepithelium, and (c) nonlinerities

contributed by the fact that primary afferent discharge is undefined for nega-

tive firing frequencies. We will attempt to explore these nonlinearities in

future years by first characterizing the types of nonlinearities that occur

during prolonged pulse acceleration as well as during repeated sinusoidal

stimulation. There a_-e several models which represent a cascade of systems,

some linear and some nonlinear (for example see, Segal and Outerbridge, 1979).

/

These models make specific predictions as to the output of primary afferent

responses for a variety of stimuli. We will attempt to test these model's

predictions for two species, the gerbil and the pigeon.

4. Developed a computer proqram to analyze neuro_hysiologica! _ingle

unit response to trapezoidal, white noise, and sinusoida! stimuli.

Objectives

(a) To develop a program to acquire time of events (TOEs) of each of

a series of action potentials, bin inter-event intervals, or determine instanta-

neous firing frequency. (b) To develop a program to calculate and display

either a cycle histogram, a poststimulus time histogram, or a cou_inuous record

of frequency of firing as well as a digitized representation of the driving

stimulus signal. (c) To develop a program to store on magentic tape, in real-time,

TOEs as they are being acquired and dis_layed. (d) To develop a program to least

square fit a sine wave through both the digitized stimulus signal and a cycle

histogram and determine the amplitude ratio and phase relationship between the two.
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All of the objectives described above were met and a com->uter pro_rnm

wa,_ written ,,:h,.-;_etutorial i_ i-_re.<ented ir_ Apnendix 2. S_,mple runs i[]u<trating

the ca[=abilitieb cf the prog_'an: are also pre,:entcd. Ti_o program has b,:en

_.hor,nu:Ihly tested, debdgged a,_d in cu:.rent]y being used in the neur;_ivfsiological

_-:.:per!mcnt'_.._n r,ur laboratory. $:_]rce listings of the program are available

on request.

:'ut_.ne £'l.,ns

Since :re have the capability of storing time of events (TOEs on mag-

:tunic ta?e ]._ r,*a].-tim..,, we. hav_ provided ourselves :,,i<h consid_rab!e flexibility

for off-line _,roces:_ing of these data. Two goals loom in the immediate future

regnrdi_: C development of prog::nms to utilize the t!m._ of ._'vent data which are

s_ored on magnetic tap(: acquired bC the [,,_-ogram DNTP. Fiz-st, we wish to []e

able. :o ;11:. lyzt" tht"::e d.:.t,, wiI i_ the l,t-oqrnm I.SA (tl[ or" ,'.l., lq78) f¢_l t¢_wiuct

filtration by the Fre,-ci_ and HoJ,3en (]971) algorithm. Sr_ccifically, we will

acquire time of event and stimulus data for either <,-]:ice noise or s,lm of

sinusoid stimuli. We then will apply the French and Holden (1971) anti-alaising

filtering al.c,.orit.hm to these dat6_ and subjec:_ the resulting waveform to pro-

grams (LSA--Ni et al., 1978) ,^,hich ",_ehave already wi'itten for Fourier analysis

of two continuous waveforms to _,btain the. amplitude ratio, phase, and coherence

function. Moreover, iI; the futul:c, :_'e'..;ill_valuate the possibility of incor-

porating _O,_.:data r,.::.Lu!c_ng fret;',this _.,rogYam with a sel-ie_ of programs which

haw been develo}_,?_] nt hr)ckefe] i_c Univer:]ity. T}_<_-._'prog,:nms perfomn iin_;ar

and noniincar _-:_,s_ems an,,]ys]:_ ",)fTOE-. _:f action p_::cp, tJal modulati,,r, uro-

duced by _r.imuli ._ "r-'-_.._]__, ,--,.,;[-es,.'rt '_t:e '.,u,-.' of sinusoida] _tim'<li.
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:.. [_','_'.:],_]:_c,! i,;;oc,,_i_t'_':_ fol. r:h:..:li_ rcce,,'di:'_: <_I. ,_,'tlc_h_.._],<_t_,u',. i,_l::

fro;" br]m_rv a.:ft._rent_; i'" an ewake c_ rbi! ._repa.,atlon.

Ob joct J.ve.%

(,i) To dvvclo!:, a [,rocudure for recording from vc'_r.ibular -_*imary

affe:.'ents in ,n" unanesthetizc:d gerbil whic]:: (i) requircz minimum surgery,

(2) requires minimum s;etup tizn,2, and (c) produces a high ":ield _,f sir,<;!e unit

data.

Proq:-ess

We have m_:de considerable progress in the last several months in

achieving the objectives outlined above. We have been able to confirm that by

simply m:d<J_:g a h_le 2 to 3 ,am in diameter at stercotaxic positions A-PO, L],

10 degrees tilt, that we can record from an anesthetized ;)reparation in a

stc-reotaxic frame and obtain a "good" yield of vestibular _crimary afferents.

%'his procedure obviates: (a) having to re.move any of th_ brain prior to the

recording se:ssion, (b) producing a_ly thcrmal gradients across tlle ]a!-vri_,til

'due to the opening of air space in the internal meatus, and (c) having to

cover the n_rve microelectrode interface with agar to diTni_.ish brain pulsations.

In fact, we have not found it necessary even to use a fluid filled chamber to

identify, Inoiu!e, ,,hd record J"rc>Invc::tilull,]_." aff,:_.,,I_, u.;i_;<',tllc abow_ lU:O-

cedure. Although we have isolated the gerbil's cortex by a precol].icular de-

cortication procedure, we have not embarked upon studies using an unanesthetized

preparation because of humane reasoi_s. Spccifica!lv, we have not had time vet

to develo[_ a Dain!es:-?. head holding procedure. However, we _,[icipate no ph-obiem_

since Dr. Purachio has con,-.'_derable experience with nh,=se d,.-vices in other

species. We ;?t'obablv will d_.ve)oD a chronically implante.] head holding method

t;'.,]ichiz_vo]ves attaching dental acrylic t,..thu --:kul] ahd in which is e_cased

a rectanguiar tube ;p[accd with :-];,.-.,animal's head in _ stereotaxic frame) which

will be mated with n head holding device. We will use the acrylic for two
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i.:'.'_[;usc:_,(i) it :.iI: servt, to '.:oli_]!fT the ,;kul! _:,!.tbu g__:-bil a'_d (2) Jr wz[i

_-erve to ilumanel-' h,.%id the animals |:,-._idwithout h_.'_'i_;gto use enrbarz and <'_-

sequentiy enaile us to record from an unanesthetized nreparation.

FL_tu/c Pl0ns

In the ne::t several months we will d_:v,;.i.op tl,e g_rbi ]. head holde;-

as ,..;ellas a body rc,strair_t doric,]. These two ,:]cvt.{,-d)ments wi]_l _]!ow us to

record from both the ce<tral nervous: system neurc, ns a-;d [_rim']ry afferent

neurons in the awake gc.rbii. Using tllis animal mode], we wiil attempt to

characterize anterior and posterior ampullary affercnts and <hereby extend

work initially begun by Schneider and An(Jerson (1976) for lateral ampullary

afferents. Moreover, we will generalize the procedures which we have developed

for the gerbil to the pigeon so that we can implement the major th._ust of our

research effort for the next year which is, the electrophysiological analysis

of :he influence of sti.T._lation of efferent vestibular neurons on veszibu!ar

af[, rent 3ct.[vity. These studies ft.,present the m_ljor s,:'. of exp( ;im,,_:t:: wii_cil

comprise onr research proposal for the upcemJng year an,.-,they ",:ill r.ow bs,

detailed.
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V. PROGP/_SS - 1978/1979

A. _,_= ,- ._LI_A,.0,_S .=.ELATED TO CONTP_%CT....RE J, ?RESENTATIO!TS AIID _"= _ "_ '

S .

I. Correia, M.J. and Guedry, F.E.: _ne vestibular system: basic

biophysical and physiological mechanisms. I_T: Handbook of

Behavioral Neurobiology, Vol. i Sensory integration, R.B.

Masterton, ed. Plenum Press, N.Y. 1978:311-351.

2, Landolt, J.P. and Correia, M.J.: NeuromathemaTical concepts of

point process theory. IEEE Trans. Biomed. Eng. BME-25:I-12 (i_78).

3.

LL,

Ni, M.-D., Correia, M.J., Rae, J.L., and Kobiasz, A.J.: A real-time,

mini-computer program for calculation of f-r_equency _anczion and

coherence function by digital Fourier methods. Proceedings of

the International Symposium on Mini and Microcomputers. iEEE

Catalog @77CH13_7-4C; 1978:2-5-212.

Lando!Z, J.P. and Comreia, M.J.: Neurodynamic response analysis of

anterior semicircular canal afferents in the pigeon (submizzed, 1979).

Correia, H.J. Landolt, J.P., Eden, A.R., _i, M.-D., and Rae, J.L.:

A species comparison _f _he linear and non-linear =ransfer

characteristics of the semicircular canal primary afferent

system. Proceedings of the Society for _[euroscience Satellite

Sy_osium. on Vesribuiar Function and Horpho!o_y. Pittsburgh, ?A,

Oct.-Nov., 1978 (in preparation, 1979).

OUTLINE OF ACCOMPLISHMENTS (April I, 1978 - January I, 1979)

I. Analyzed the spontaneous and driven response from The pigeon's

vestibular primary afferents and determined a Transfer function which describes

the mean amplitude ratio and nhase response over the _r_equency range __rom

0.01-15.0 Hz.

2. Compared the transfer characteriszics of _he vestibular crimary

afferent system in the bird with several species. Intensity _anctions (stimulus -

response function) and f-requency response functions were calculated for the

semicircular canal primary afferent system cf the fro£, gerbil, pigeon, E4irar-

fish, seuirre! monkey, and rhesus monkey. These functions were :empared and

some c:nc!usions were drawn.

3. Horseradish Deroxidase (HP2) was injected into (and zontained within)

the endc!'nnphazic sDaces of the inner ears of I0 -_-=__s_.ns. Efferent neurons

and afferent fiber Tracts were idenrified and Their !.cation deiineared.
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. Thick sec'.ioned, =Don_ o_m_:=___ce__ labyrinths "'_r__oo analyzed to describe

the distribution of types of hair ceils, s-ereocilia lena-h, and afferent/efferent

_nn__ la._on cazrerns in various regions of the criszae ampul!ares.

C. DETAILED u-ou._..'_'"""T='Tn"1.-_.-OF ACCOMPLISH}'EI_TS (April. 1, i_79. - January _., 1979)

i. Ana!l/zed the s_-cntaneous and driven responses from the pigeon's

vestibular orimarv afferents and determined a _ransfer function

which describes the mean amDli_ude ratio and phase response over
T

_he freauency range frcm 0.01-16.0 Hz.

.-he following observations which are applicable to most species and

to the pigeon in particular, and which are described in more detail in Lando!t

and Correia (1979) and Correia et al. (1979), were made during the !as= year

of this contract. (a) Nonlinear diszorxion of average insranzaneous f-_equency

of ampullary afferent discharge has three forms: (I) sine wave as_nnmetry

a unidirectional rate asymmetry in which the portion of the sine wave response

corresponding to a decreasing rate of discharge is steeper than Zhe portion

of the response corTesponding to an increasing _ate of discharge. (2) Com-

plete and partial rectification of the neural response - this nonlinearity

has been documented for the primary ampullary afferent system of several

species. Moreover, partial rectification has been discovered by Taglietzi

et al. (1977) for qhe generator potential in Rana esculenta (response corre-

sponding _o peak sinusoidal oscillation of !!9.2°/s 2 in Fig. !).



C0_;FIDE:;TI.AL AND

PRIVILEGED i:,"FOF_MATION

Page-3E

FIG. 1
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(3) Harmcnic distortion - for the pigecn, -he coefficient of harmonic disror=ion,

- 2 + b 2 (a and b
CD = an n n n

n=2

a I t b I

are Fourier series real and imaginar-y

coefficients, respective!y) varies with frequency and stimulus amplitude. The

higher the frequency and the smaller the stimulus, the g_eater the magnitude

of the distortion coefficient. (4) l_nlinear intensity function - for the

pigeon, one of two classes of ampullary afferent units showed a nonlinear in-

tensity function which varied with frequency. Figure 2B summarizes the mean

(NTIS) first harmonic response to five levels of peak angular acceleration at

two frequencies of oscillation (f = 0.2 Hz and 0.02 Hz).
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The mean response is clearly nonlinear over the stimulus intensity range for

an oscillation #r.equency of 0.02 Hz. At a frequency of f = 0.2 Hz, only

I of 15 ,_nits demonstrated any nonlinearity and the mean response is best fit

by -he regression equation Y : !.72X ÷ 1.23. This regression line indicates

a sensitivit7 of 1.72 impulses per second/degree per second 2 and a t.hreshold

value of 1.23 impulses per second.

We have not been able to unequivocally isolate and describe the type of

nonlinearity which is present in the intensity functions described above. Both

Steven's power function and the Weber-Fechner law appear to apply and be in-

distinguishable. For example, Table I contains data (9 units - 27 intensity

functions) which enable a comparison between linear regression line correlations

(after appropriate logarithmic-logarithmic transfo_a_ions have been made) for

the Weber-Fechner equation (r w) and the Steven's power law equation (rS).
C C

-2
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Average mean value for r = 0.9 (+ 0.007) and for r : 0.985 (+ _._0-). These
c -- c

correlation coefficients are essentially equivalent. However, because of -he

greater poten_ia! generalit7 of qhe Steven's oower function and because it has

been =_pl;ed_.._ to mo_°._ different sensorv_ systems, we present. _arameters based on

this equation in Table I. The average equation which we derived was

0.841 (* 0.041)
R = 1.57 (+ 0.268)'a -- The exponent of a (peak stimulus mag-

-- m m

nitude) has an average value of 0.8. However, Table i shows that the values

range from low to higher values of the coefficient b as frequency is increased.

Thus the intensity functions approach linearity (b = 1.0) as frequency of

oscillation is increased. This general finding is consistent with _he results

illustrated in Fig. 2B and indicates that for low frequencies of rotation, fre-

quencies outside the physiological bandwidth, superposition of responses to

angular accelerations over the range 2-20°/s 2 does not occur. However, super-

position does occur for some units over the limited range from 2-12°/s 2

(Correia and Landolt, !973). We chose 14 of these units which demonstrated

properties consistent with a linear system and we fit numerous general forms

of transfer functions to amplitude ratio and phase values using a nonlinear

least squares curve fit program (Brassard et al., !gT_). The simplest

equation which provided a good fit was

H(s) = csk/r,s÷i Eq. (1)

This equation relates instantaneous frequency of action potentials to an=_ular

head acceleration. The parameters are: C 5 _ain constant, k 5 fractional exponen

T. K long-time constant in the torsion pendul_m equation. The fractional

k
operator, s , has been related to qhe phenomenon of neural adaptation in other

sensory systems (_'horson and Biederman-Thorson, 197%). The time constant T L

characterizes the biophysical response of the semicircular can;.

The so-called "short-time" cons=ant, r , of the torsion penGulum model
s

of =he semicircular canal was not included in Eq. (!) since this parameter

has only the sligh%est effec= over the frequency range 0.01-2.0 Hz. Fig. 3

illustrates Bode plots for two extreme types of frequency responses from two

representative units.



ITCONFIDENTIAL A,,D

PRIVILEGED INFO._"=_TION

Page-9E

FIG. 3
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001 0-1 1.0 I0.0
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7 68

(9.19s + I)(0002 stl)

The first unit's amplitude ratio (._R) and phase values (denoted by triangles)

was bes_ fit by a transfer function whose parameter values were k = 0.23 and

T L = g.18. This unit typifies a neural unit which displays moderate neuma! adap-

tation. The second uni%'s AN and phase values (denoted by squares) showed a

longer time constant (T = 12.89) and stmonger adaptation (k = 0.58). A range of

values for C, K, and r L were determined for 14 units. These values are sunmlarized

in Table It.

.......... m_
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TABLE i I

Ch_rac-_.iz--i=s _f -.r_nsf.. f'=r.c=icn,

fTr i- selected uni=s

i-

.T.

(de_rees.s- 2 )

--_=I-2T.9_e __'S

• , i It.,L_D_.2CS •3- l

Ze,grees • s -_ )

(s)

_'[e<n S C _/al'e :: _.=-: ?

,,rror, :-'..SE f (}{:'I

3_D70 _ 27 .D 0 el• °_

12 _3.10 0.58

20 64.72 0.66

Mean

+SEM

102269

/

--Mean

+SEM

92270

4

3

--4.

2O

3

12

20

Mean

+SEM

1!.6u

"_ 87

20.93

48.32 0.58 15.16

+8.38 +0.{]8 +2.91

7_.95

43.13

66.94

51._!

59.11

+7.23

37.11

28.93

29.30

26.08

30.35

+2.37

=670 2 57.27

4 4=.21

3 26.20

!2 29._9

20 42.!2

>lean

-SEX

51370

91169

9870

122269

1370

91069

13369

101570

51270

21170

8

8

12

2

12

3

3

3

20

_9._6

÷=.57

3.06

£ ._0

6.51

1C0.29

3.17

19.25

_0.66

19.21

7.19

2 .:'1

26.96

÷7.:_

IQ _':

0 ._9

0. I_6

0.57

0.57

0.52

+0.06

0.35

0.26

0.35

0.3L_

0.33

+0.0'2

0.29

9.30

0.29

0.23

0. :25

O. __J

+0.33

0.!1

0.20

0.25

0.25

O. 0;_.0

9.10

3.23

,.;, -

9.20

3.017

_] , " !&

*t].,,I;;
Average mean

Hedlan

19.29

12.78

22.17

20.21

18.61

+2.03

3.00

9.25

8.20

9.43

8.47

tO. 32

10.33

!0._7

7.6a

9.20

13.77

10.29

÷!.01

3.95

9.39

11.49

!7.10

i!.01

4.45

12.3a

5.67

5.08

_.87

!0.2_

_1.20

_. oe

0.710 9.0'--,." :"

0.130 0.01-- O0

0 281 ) _ _. { .02--,. ,_

0.390

+0.163

0.382 0.01-0.20

0.270 C ..... 00

0.192 0.01-2.00

0.158 0.02-'2.30

0.278

+0.057

1.6!u 0.0!-0.50

0.775 0.01-2.00

0.399 0.01-2.30

0.425 0.22-0.50

0.802

+3 _

2.393 0.01-0.50

1.032 9.0' !._'"

0.23_ 9.01-5.20

0.195 0.01-2.30

. ------. w

÷0. 516

,_i-_. 500.031 O. _

0.402 0. _-0. _.._

0.012 0.01-0.50

i __83 0 -- ....

O. 01! 0. ',71-,'_. 20

3.aaa 0 _" _ 50

3.D8S _ "_-,_ 10

0.052 ¢.01-1.00

0. i_7 ^ ._'I-0.50

0.002 3.02-!.33

0.S=.9

_-0.3.%4
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As can be noted .=tom Table Ii, the average mean transfer .;unc%ion was determined

to be

0.24
26.96s

H(s) = . Eq. (2)

(10.24s+I) (0.002s+l)

The value of T (short-time constant of torsion pendulum) was arbitrarily set
s

aZ 0.002. This value results from a biophysical analysis of the pigeon's

semicircular canal by Money et al. (1971).

Figure _ presents a plot of Eq. (2) except that the plot represents a

mathematical integration of the transfer functionand :hus relates instan-

taneous action potential frequency to angular head velocity.

FIG.
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The solid lines drawn in Fig. _ represent evaluation of Eq. (2) which

is the mean _ransfer function obtained .-_-om analysis of i_ units from an

anesthetized preparation exposed to sinusoidal rotation over a frequency

range of 0.01-2.0 Hz. One of the goals of _he current year's effort was zo
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ex_end the range of analysis _o higher frequencies and obtain responses /.-tom
an unanesrhetized preparation. Average responses (÷ ISD) from 11 units _ested

in unanesthetized preparations using Gaussian bandlimited noise (DC-20 HZ) are

shown as t_iangles in Fig. 4. Coherence values are presented for selected

._requencies as an indication of confidence in data points. It is apparent

from Fig. _ that data from unanesthetized preparations over an extended upper

frequency range can be described by the transfer function (Eq. (2)) derived

from data at lower frequencies using an anesthetized preparation.

Table II clearly demonstrates that there is a continuum of values for

the parameters k and wL. Thus it appears that each ampullary afferent has

its own response dynamics and adaptative properties.

We further analyzed the driven discharge data presented in Fig. _ to see

if either of the parameters TL or k correlated with statistical parameters

associated with spontaneous discharge. An important relation appears to
obtain. Coefficient of variation [C.V.) of the resting discharge of a neural

uni: is positively correlated (significant at the 5% level) with the neural

adaptation parameter k and the best fit estimated regression iLne is

= o.2& ÷ o.!s.

To determine the applicability of the general transfer equation form

presented in Fig. 4 and to test the validity of the parameters obtained by

our frequency domain calculations, we wrote a computer program, based on an

algorithm kindly provided us by Dr. A.R. Didonato, USHAVWC, Dohl_ren, VA, to

perform a_ inverse Laplace transfo._m of the t_ansfer function represented by

Eq. (2). The time domain function which corresponds to this equation for an

acceleration pulse (b seconds wide) is

(a) 0< t <b

1
f(t) -

(TL -Ts ) tk'
-tlrLy_ -t/T , )}

: (-k', -t/T L) -e st, (-k , -:/Ts

Zq. (3)

y(t) = f(t)

(h) r>b

y(t) - f(t) -f(t-b)

where y.* is the incomplete gamma function and k =k-1.

Zq. (a)
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These ecuations were applied to rime domain responses of neural units

whose frequency domain transfer function parameter values are presented in

Table II. Figures 5 and 6 present theoretical time domain curves (based on

evaluation of Eqs. (3) and (_) using parameter values in Table II) To short

(l.2s) and long (93.4s) duration angular acceleration pulses, respectively.
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The long duration angular acceleration ou_se had a constant value of =.u /s

and the short duration an_a!ar acceleration cuise had a constant value of

50°/s 2 In Fig. 5, the theoretical curve is superimposed on mean neural

responses (average of 3 replications - bars indicate nlus or minus one standard

deviation). In Fig. 6 the theoretical curve is superimposed on a single neura_l

response to a long duration pulse. _,_ is evident from these figures that the

model described by Eq. (2) provides a good fit to corresponding time domain data.

Moreover, perrotatory adaptation effects and postrotatory ":'--ndershoot" phe-

nomena are described by this model.

Finally, it appears that the transfer function presented in Eq. (2), but

with different constant values, is applicable to the primary afferent ampul!cry

responses of species at each level of evolutionary development. This con-

clusion is based on three months work in which we fit transfer functions to

frequency response function obtained from the work of several investigators

using a variety of species.

2, Comoared the transfer characteristics of the vestibular crimary

afferent sFstem in _he bird with several species; intensity
functions (stimulus-resconse functions) and _reeuencv response

functions were ca!cula_ed for the semicircular canal orimarv

afferen_ system of the frog, gerbil, pigeon, _...... " _.,_,_1
monkey, and rhesus monkey.

Fig,_e 2 presents four intensity functions which we obtained by

analysis of data from articles by Precht et al. (!97!), Blanks et al. (1975),

and Fernandez and Goldberg (1971). Figure 2B summarizes our data on the

pigeon. Several interesting comparisons emerge from this figure. It appears

that as one moves up the phylogenetic scale a smaller percentage of ampu!lary

afferent responses show a nonlinear input-output re!arionship. For example,

Precht eta!. (1971), reoorted that in the frog, 61% (30 to 49) of the _nits

tested showed a nonlinear relationship between st Lmulus and response over :he

range l-!0°/s 2. Moreover, these responses_ p_oduced data, which when ex:raDoiated

back to the stimulus intensity axis, demonstrated a threshold of between i-2°/s 2.

By comparison, intensity 9anctions for the squirrel monkey (Fernandez and

Goldberg, 1971) which are illustrated in Fig. 2D, show the absence of a threshold

and responses which are zypicaily linear.

For all species, at least some ampullary afferents demonstrate linear re-

sponse characteristics (superposition etc.). This al!ows us to perform a

analysis of these responses. Fernandez and Goldberg (1971) were the first to

provide an equation to describe ampullary afferent responses to different fre-

quencies of rotation. A Bode nlot based on rheir data is presented in Fig. 7.
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FREQUENCY RESPONSE FUNCTIONS-- SQUIRREL MONKEY

FREQUENCY (HZ}
0.1 1.0 I0-0

I ' I i | | i I |
$_re monkey [$oimtr...__.JtI¢turl_
Ixrblturote omeslble_l
mean(vori(_o N of_ch frequency)
omaulloryoffer_t remCme
Slnusoids

Qfter Funande_ _d Gol_l)et'g [197_)

H (s) _SE

80s 8 {0.0491+1)
-- _ (5.7;_-0(0.003s*1| 0-002

I-?.5tl'ltl(O-O3_l'HI 0"001
(7"5s + IXO<X:)5 I+ 0

Both amplitude ratio and phase points are mean values based on a reasonable

size but variable numbem of points (6<N<58). These investigators suggested

that their frequency response function could be best described by :he equation

(solid line, Fig. 7):

H(s) = 80s s(0._gs+l) . Eq. (5)

(80s,Z) (5.7s÷i) (0.003s+!)

They suggested that _he te.--m 80s/(80s+l) was an "adaptation operator", :he

terms (5.7s÷i) and (0.003s÷1) were operators corresponding to the "long- and

shorT-time constants", respectively, of the torsion pendulum model and the

term (0.O_9s+l) cormesponds to the possibility that cupula velocity information

may be transduced at higher frequencies of head oscillation.

Landolt and Correia (1979) have shown thaz the "adaptation o_era_or"

in the above equation can be replaced by a more general operator which has

been described for oxhem sensory systems (Thorson and Biederman-Thorson, 197a).

It can be shown rigorously rhat the oDerato_ T S/T S+I is but xhe first in a
- a a

aeries of terms which represent an expansion of a more general adaptation
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k
operator, s . The dashed line in Fig. 7 illusr_ates that a =ransfer function

k
containing the s ocerator produces an equivalent (possibly slightly better -

cf., M.S.E. of 0.001 :o M.S.E. of 0.002) fit to the Fernandez and Goldberg

_g71) Bode plot data.

Figure 7 is a plot of pooled data from Fernandez and Goldberg (1971).

In Figs. 8 and 9, mean plots are presented for "regular" and "irregular" units,

respect ively.
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FREQUENCY RESPONSE FUNCTIONS- SQUIRREL MONKEY

O.Ol
!

FREQUENCY(HZ)
0.1 t.0 I0.0
l ' i l

S_e ma_ (Sclm='i tci,.,reus]
I_rblturm'e anes.thesi_
meon(variable N m e_h frt_,m_y)
S._so_
of_lr G_clberQcrd F,m'r,mdez (19TI)

•rt_l_' " unitt

M(s} MSE

I-O0-(O017t + I } O"0003
(5.7s + I)(O.O03a+l)

1.0(I0.93 •
0.00006

(5.6• -(" I)(000 3S 4-I )

FIG. 9

FREQUENCY RESPONSE FUNCTIONS-SQUIRREL MONKEY

FREQUENCY(HZ}
0.01 0.1 1.0 I0.0

0"5 L I ' ' I ' I "

F0.0

.,I -I- _'0 _ -

-1"5

-- I00
(.9
IJJ
,-, 75

'" 50
v')

< 25
Ci.

0

,_xwm,_lm=,_.w (._imml .,,-lur.ud
I_r_itu, ate anesmezm
m_m(vm',mSeN at _ frulmm_)
SInuwds
Qfter C_lNrg and F_mlz (1971)

• Irrl_ular • unihl

H (d

33.6s s(OOSs +1}
- (33-6=.vl) _r7,,+i,_(OOO3s+l)

s (0-038+t)
(5.6 s+i XO003 =+1)

O'O007S

0"00076



• i

CONTIDE':TIAL A,,D

PRIVILEGED INFOR,"__TI0 N

Page-19E

In Fig. 3 it can be seen that the transfer function containLng the sk operator

provides a better fit (smaller M.S.E. by almost one order of magnitude) and

obviates the necessity of inclusion of the zero, (0.017s,I). As pointed out

earlier, a small value of k indicates little adaptation. A value of 0.06

confirms the Fernandez and Goldberg (1971) conclusion that "regular" units

show slight adaptative properties. The "irregular" unit's response data (Fig. 9)

does indicate more adaptation (k = 0.!6) and a small bur present "cupula ve-

locity" operator (0.03s+l).

As one descends the scale in evolutionary development the transfer function

of the form

Csk+l
H(s) = Eq. (6)

(TLS÷l) (Ts*l)

appears to apply to other species. Figure 10 shows transfer functions of the

form of Eq. (6) fit to frequency responses of "regular" (_) and "irregular"

(A) ampullary afferenrs in the gerbil (after Schneider and Anderson, 1976).

FIG. 10
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As for =he squirrel monkey, "regular" neurons show less adaptation (k = 0.06)

than "irregular" neurons (k = 0.26) Both types have a s,or,e, long-time

constant than that obtained for the squirrel monkey (of., 3s for gerbil com-

pared "_o 6s for monkey).

As indicated earlier, the pigeon has a mean value of k : 0.24 but k has

a continuum of values which are correlated with "regularity" of discharge as

quantified by the index coefficient of variation.

Lower in evolutionary development, the frequency response function for

the frog also exhibits properties which are amenable to description by Eq. (6).

Figure II shows a Bode plot which summarizes these properties.

FIG. !I
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FREQUENCY RESPONSE FUNCTIONS- FROG
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after 81anksQ'_dPrecht(1976]
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0-095
(5.60s ",-I)

As may be noted from this plot, based on the work of Blanks and PrechT (!975),

the mean ampullary response has a phase lead re velocity (at 0.02 Hz) which

decreases _o a constant value (25 ° ) as frequency is increased. The amplitude

ratio on the other hand increases To asymptote in a region between 0.i and

0.5 Hz. Unfortunately, Bode plots for only _ units were presented by Blanks

and Precht (1976), and no indication of regularity of response was given.

Assuming these units showed no adaptation, that is k = 0, a value of rL = 2.98

was obtained. However, as can be seen ._rom Fig. II, the theoretical curve fit =o
C_the data is not good. The best _iz value of k causes T. to assume a value of



_O.f. IuE,, I,_L AI;D

PRIVILEGED ;....._I:O.RMA, _O}f

Page- 2 IE

5.6s. 7ni3 value is contradicted by _ime domain studies which show r L to be

around 3s (Precht et el., 1971). A ore comprehensive frequency domain analysis
of the ampu!!ary a_ferent system of this species should be conducted.

Finally, the guitarfish ampullary afferent response has been typed into

four general classes (O'Leary and Honrubia, 1976). One of the classes has

been described as showing clear neural adaptation. Figure 12 is a Bode plot

of this class of guitarfish ampullary afferent responses.

FIG. 12

FREQUENCY RESPONSE FUNCTIONS- GUITARFISH
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It is clear that a Cransfer function of the form of Eq. (6) (solid line) does

not fit the amplitude ratio and phase values. However, as pointed ou¢ earlier,
k

s can be represented as a series of poles and zeros when there are only

several orders of adaptive processes operating in neural zransduction of

head velocity (Landolt and Coz-reia, 1979). Such a series is represented in

Fig. 12 as a dashed line and it is clear that this form of Eq. (6) clearly

describes The guitarfish's frequency response function.

r. derived from best fit _:With the exception of the frog, the value of

frecuencv, resccnse functions of -_=_..- form _resenzed in _-_ .... _) _ CU:re" tics e
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to that derived from biophysical calcula_icns (Jones and Spells, Ig63). .'his
k

observaticn suggests that if the s operator is not included in _he ".ransfer

._..c_on, erroneous values of T. restzlt.
b

Table III ccmpares values of TL calculated from best fit of the data from

ampullary afferents (with account taken of adaptation) and those derived for

biophysical measurements (size, volume measurements etc.). As can be noted

f_om _he values in Table !II, a clear correspondence exists for most species.

TABLE III

COMPARISON OF BIOPHYSICAL PREDICTIONS OF T L ANO

ESTIMATEB VALUES OF T FROM AMPULLARY AFFERENT OATA
L

Ampullary

Specles afferent

Squirrel monkey Pooled (Lat.

+ ant. + pos.) --

Cat Lateral 5_00

Gerbil Lateral 3.51

Pigeon Anterior 10.19

Frog .Lateral Z.54

Guitarfish Lateral 4.99

TL T L

(B iophys ica l) (Primary afferent)

5,73+0.231

®3.7o'.® .95T,,.87
00,

I0.245

®, 9a: 307
2.66"÷I. 22

IFernandez and Goldberg, 1971; 231anks et al., 1975; 30'Leafy et a__.._I.,

1978; 4Schneider and Anderson, 1976; 5Landolt and Correia, unpublished

observations; 6Blanks and Precht, 1976; 7precht et al., 1971; 80'Leafy

et aI., 1978. *Oerived from best flt transfer function.

The data in the above table and the foregoing discussion leads to several

generalizarions. (I) The ampu!!ary afferent responses of most species show

the following types of nonlinearities: (a) rectification, (b) asymmetPy for

"excitatoz-y" and "inhibitory" stimuli - a unidirectional rate sensitivity,

(c) a decay in response ("neural adaptation") during a velocity step input

followed by an "undershoot" or "overshoot" after stimulus termination, and (d)

soft saxuration in the intensity function particularly for animals such as The

pigeon and frog. (2) Over a restricted stimulus and frequency range, the

linear system response can be modeled by a _--ransfer 9_nczion which contains:

an adapxaxion operator, sk, poles corresponding to the tcrsion pendulum

model - (TL+I) (rs_l), and in the case of .crimates an additional zero, (r+!).

(3) Apparently, after accounting for adaptation_ TL deduced f_om ampul!ary
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afferen: discharge is close :o rhaz obtained from biophysical caiculazions

derived from the "torsion pendulum model" and r_n@es from 3.9-6.0s (excect

for :he pigeon]. (4) _ne gain (AR) re ve!ocitv at 0.25 Hz appears to be five

rimes greater in :he frog and pigeon than in mammals which ranges from 0.50

• , k
ro 1.05 I's--/d's -I on the average. (5) The constant k, _n the term s , appears

=o __e........ se, on the average, as one progresses upward in phylogenetic develop-

menz indicating less and less "adaptation".

3. Hcrseradish meroxidase (HRP) was in_ected into (and contained within)

:he enGoivmpharic smaces of the inner ears of I0 pigeons.

Using procedures which we have developed, we injected HRP into the

pigeon's membranous labyrinth and produced the following previously unreported

results: (i) we produced clear anterograde and retrograde transport to the

vestibular nuclei and to efferent neurons in an adult animal. (2) We found

two clusters of neurons which appear to be cells of origin of vestibular

efferents. (3) We found cells in a location in the brain which corresponds

to a region thought to be associated with auditory efferents.
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Figure 13 shows a coronal secZion zhrough a pigeon's brain• On zhe

left-hand siie of the _::_,,__.re,stained fiber zracts from she vestibular nerve

root _o the vestibular nuclei are apparenz.

FIG. 13

/

,.t
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We are currently quantifying the sites of ter_nination of these pTimary

afferent fibers within the vestibular nuclei. We are highly encouraged that

the sensitivity of our techniques produce such a high density of stained fibers

(anterograde transport staining) in an adult animal. In the future we hope to

estimate the percentage of stained afferents which p_jec% _o each of the nuclei

and examine the sites of termination of these afferents using _n_ansmission

electronmicroscopy (TEM).

Figure 15 summarizes the results we have obtained _rom localization of

efferent neurons (retr_g_ade transport) in the pigeon's brains_em.

FIG. 15

Fii=. ! Scmidiagrammatic _i=w ofeffercnl ves¢ibular ncurons fuund labclecl after ['IH ]adcnoslne injcc.

tion imo lh¢ It f! horizontal canal crisis, Cells found in this (nbllqucly cm) section are marked by circl_,

lhose found in ncilmbnur _ctionl up to I:0 !,m roslral or caudal to this section arc shown as squares.

The r¢Sion ¢.xhibitinz anlcrocrade label (cf. Fir. 4) (ipsilateral vestibular nuclei) is snpplcd. VS, VD,
V_,l. Vh. DL. TA - nucleus vc,sfibularis superior, dcsccndcns, n'_diaiis, vcntrolaleraiis, dorsoiater31is

and :_nl;cn[ialis rcs0ecliv©ly; TTD = d_'sccnding trtgcminal nuc_=us and _r_ct, OS I, oliva SUl_¢rior;
PM, PL - nucJcus pontis mcdialis and laleralis; FLM = fasc_culus Ion_.udinalis medialis; V! -

nucleus abcluccns; VII = nuclcus facmiis; G].., ,%IL = granubr and molecular layer of Ihe linlpJla.

(aftem Schwarz et al., !978)
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We have extended the preliminary wcrk of Schwarz et ai. (1978) in that

we have a samnie of 10 animals compared to their 1 animal; we are carefui!v

counrin Z cells and determining sample statistics and we have discovered two

cell clusters which they failed to report.

The small squares in Fig. 15 show one cell group or efferent vestibular

neurons in the pigeon's brainstem. 7"nese cells reported by Schwarz et al (.918)

are found in a narrow region within the nucleus reticuiaris pontis cauda!is

just later-ventro-caudal to the abducens nucleus (VI). We too have found

efferent cells in this region. Moreover, we have found clearly labeled cells

in the region of the tangential vestibular nucleus (TA) as indicated by

two arrows in Fig. 15 and in a region just inferior to the superior olive (in-

dicated by a single arrow in Fig. 15). It is tempting to speculate that the

neurons located in the TA are associated with sensory end organ activity; those

in the pontine reticular formation are associated with autonomic function and

those in the region of the inferior olive are saccular or auditory neurons.

This latter speculation presumes that HRP was transported into the endolymphatic

fluids of the cochlea. Further study will provide statistics as to the extent

and receptor of origin of these efferent neurons and thereby provide factual

support (or lack of support) for the just stated speculations.

4. Thick sectioned epon embedded labyr, inths were analyzed to describe

the distribution of types of hair cells, stereociiia length, and

afferent/efferent innervazion patterns _..{-various r_gions_ of :he

cristae ampu!lares.

Figure 16 is a phase contrast photomicrograph through the anterior

ampulla crista ampullaris and eminenriae cruciatae. The section is 40 microns (U)

thick and the photomicrograph is focused on one level of the specimen.
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The perspective of the section is that of "looking dowm on The crisra from

above". Several features of the photomicrograph deserve comment. First, the

technique which we developed during the past year to thick section emon will

allow us to trace and determine cross sectional diameters of afferenr fibers

as they enter :he crisza and course upward to innervate hair cells ar its

bottom, Top, and sides. A clearly stained myeiinated afferent is indicated

by a black arrow in Fig. 18. Second, since the section is 40 _ thick and since

we have rechniques at our disposal for ulrrasectioning this section, we can re-

block it and use TEM to determine the ratio of unmyelinated afferents/efferents

To myelinated nerve fibers. Third, it is clear that there are multiple hair

cells within the nerve chalice of the Type I hair cell (as indicated by double

arrows in Fig. 16). We are currently counting these multiple hair cells and

graphing their distribution on the surface of the crista. Fourth, it is

clear from the photomicrograph that there are some very long kinocilia at this

level of the crista (midway from base to cres_). Th.ese cilia are indicated by

three arrows in Fig. 16. Using special fixarion procedures and thick eDon

sections, we hope to see if there is a difference in cilia length over different

areas of the crista.

During the past year we have perfused four animals, blocked eight

!abyrinzhs, and sectioned them at different thickness (I, I0, 20, 30, and _0 u)

in three oianes. Figure 16 shows a 40 micron section sliced in a olane which

we have concluded is the best thickness and orientation to address The goals

for our next year's research which we will now describe.
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(_1,t:' ] , .... ,if. - "ar:u.:Jr"< ;-'i, : q,'::)

,%'?,[:"! - i lt(,l;1, .P_'F.... qt_'"'?-t,-v-7oP,..

I. : in,.:tlrand :lon-l..[rle_r mr_nsf,:-r' Charac_eriqt._c._ of the Pi-<eo;i':;

','en_ [],uLa'," Pr_m,_r',' A[:fet ent :-;vsl,-,m

',"n,.,v.,-iv,: anal';:;].r: of .l_']ven dischar.Se fr,om fiber's !n;ierv, lt[nz t)_e ;_<,t.[-

nor,tai ,in,! ,-!nt,,r, ior amp_lll,_r,/ r..-cel;tors in the pi_,r..on i_.-ive yi_:id.:.'d the fol-

]owinF. r'csul_Is.

Sine wave analys[s - ] [near r:-snon:,es. We have determined a :ransfer

function which relates fir'st harmcntc neural response ![.'.I=50) to sine wave

angular, acceleration input. This transfer function is of the form

!!(s ) =
Ks ]'-

(T s+l) (_ s+[)
] 2

_,.=r._ t parameter, ranyos for best i1:erative values _..-_'e

3.06 < K <_ 66.19

A OO < _ <" A '_q

4.4. =. <_ T < 19.29
]

and 7 is constrained on the basis of biophysical measurements to :he range
2

0.002 " _ < 0.00S
2

The so-cailec "!on&-time ............_-',_lt':, [i, which has been determined emnir, ically,

has a range of values whi(:h jnc:m!;ore, te those found by Gran_ and Von Buskirk

(1976) "Ii their, ana]y::,i.", of rl:(, bJoi,hv:'.;cal pr'ol,erties of the v.:-szJbu!ar.

endorgans ]n the pigeon. A L,-,,;ep],ot which shows a best-fit model to The

amnlltude ratio arid r,h,j.-., _;!., ,_,:i._.e_.;,_n'<.lt[ve n,._u_,.il t'_.:[ _ ".'n illusr:.nte,] in

Figs. la and lb resnect iv,,[.i.
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_''.'.- w. /, ]r..i_V_[!.'. :_.,_*-1[F:,,,._.' r.>Si O.".._.,.g. Vef'T: "

,;_ ,_..:. r.eq:;ons<._ to sin(- w.]'.,'eco_ \'-'r""ng intonslt!es E,roduce :hree tv;:es

of .....-":lOaF'ties in some units. F-rct, there is an ampli=ude de:,.:n_.en,-,non -

line o:_',:v in ._;-: "m: w,t.,,.... th,_' s :ve n<'ural response beccm.'-'z hall-wave r]ctifJcd

d<:r'n: __r-_<_-¢,s].i c.f the Porationa! cvcle Second, there _<. an a .... _z..,,,_ ":-;:-

p,_ndtnt nol,-] [nea.'-ity w!l[ch e:.:ists for all sensory s'/stem:._ whici_ can b._' tc, rme_

'" - stimulus intensity," is increased over manya _a.":rat]on non-lineapity. _hus, as " .-

log units, the response follows as a power function. Third, the same non -

!inearity e.xJsts in t}:# primary afferent system and has been descr, ibed in _,_._•

vestibular nuclei (Milsum and MelvTll Jones, 1969). This dynamic asymmetry

which is of a unid_Pec_ [onal rate sensi[ivity form, produces an asymmetry

between the rising ,]uar_er-c'/c!e of neural response and the fallinF, quarter -

cycle of the neural rcsoonse. Examples of the three types of non-linearities

described above are illustrated in Figs. 2, 3, and 4 respectively.

W'<-ner noise analvsLs of the driven resuonse of f'bers innervati::F, the

horizontal and anterior ampollary receptors has yielded the followin Z infor-

mation which "_'_"_ ";e_._n__ally substantzntes the results obtained with sine wave

anal'/ s -s.

_':a,_,,,:.noise analysis - linear responses. Using random noise input

rotational stimuli, transfer functions have been calculated for, 45 neural
i

units innervat'ln_ the i_orizo_t,_l and anterior ampul!ary receptors. Using

,)

thi_ t>.chnique, the ban,._]dth of analysis has been extended from D_-...O }Iz

(s]ne wave analysis) to DC-I_,.0 }{z. However, ::sing these techniques, the

linear transfer func:tJon al-,i_,.,arnto be of the same form as that described

above which was de_e.m_n..d u-;Jnf sine wave analysis. A composite gra>h

which illustrates .-_no r-_spons<, o _. a representative nedral unit to v__.o_-'+,y

-;.nI_ut is shown in Fly,. 5.
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Wi<ner noise anal)'s_s - non-linear responses. Wiener noise analysis

of th.} secona-order kernel produces a plot which is characteristic of a system

which has a rectifying non-linearity. The characteristic which specifies

.hl. [ype of non-linearity is the positive peak which occurs along the main

dia_onal of the graph shown in Fig. 5 and which is concentrated near the

coordinate points T = 0, T = O. This type of non-linear_ty has been observed
! 2

in cther meci]anoreceptors such as in the trochanternal hair plate sensilla

in the cockroach (French and Wong, 1976). It should be stated that the @_'aph

Shown in Fig. 5 is not representative for all of the neural units which we

have examined, but represents a certain class which show the rectifying non-

linearity which is illustrated in the sine wave analysis shown in Fig. 2.

2. A Biological .'4odel of the Generating Mechanism for Spontaneous Discharge

Ooserved on Primary Afferent Fibers Subserving the Ampullary Receptors

Using powerful statistical techniques, it has been determined that there

are _evera! models which can adequately describe the generating mechanism for

spontaneous discharge on vestibular primary afferent fibers. A presentation

and discussion of these models is presented in the accompanying reprint (Correia

and Lando!t, 1977). These analyses were based on data where interspike inter-

vals (!Sls) were measured with a resolution of 1 ms. Subsequently, during the

past year we have been measuring ISls to greater resolution and several inter-

esting findings have emerged. These findings can be illustrated by comparison

of Figs. 6 and 7. Fig. 6 represents a plot of a group of units ploted using

two coordinates, 8 , 8 -3. These coordinates, 8 and 8 -3, are th< coefficients
1 2 1 2

of skewness and kurtosis respectively. It can be observed in Fig. 6 that

for those units which were measured with the resolution of I ms, the units

appeared to fall into two clusters, one which clustered along the Pearson

type IiI line and the other which clustered along a line of minimal skewness
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but measurable kurtc_is. When spontaneous discharge from primary afferent

fi.ocr_ _,ubserving the ampul!,n'y receptors were measured recentl3, from an

unanesthe_ized preparation, and using an ISI measurement resolution of 100 Us,

it was determined that the majority of the fibers whose responses we analyzed,

fell near coordinate points (0,0) on the B , B -3 plot as illustrated in
I 2

Fig. 7_ Thus, under these conditions, there is an apparent shift in distri-

bution type from the distribution forms which we (Correia and Landolt, 1977)

previously modeled by the Wiener-Levy or the Crstein-Erlenbeck process.

It appears from analysis of the data presented in Fig. 7, that a normal or

Gaussian distribution could possibly model the spontaneous discharge patterns

which we are currently observing. We are in the process of conducting further

studies to determine if it is the lack of anesthesia or the measurement reso-

lution which has produced this apparent shift in distribution type for spon-

taneous discharge from primary afferent fibers subserving ampullary receptors.

3. Effects of Efferent Action from the Contralateral Ear on the

Linear and Non-Linear Transfer Characteristics and Snontaneous

Discharge Patterns Obse:-ved on Primary Afferent Fibers

During the past eight months, we have measured spontaneous and driven

responses from a series of pigeons which were enc_phale isol_ preparations.

These pigeons were divided into two groups. From one group, called the ear

normal (EN) group, 96 units were obtained and an analysis was made of their

spontaneous discharge patterns. Of these 96 units, _5 were exposed to sinu-

soidal and Gaussian noise rotation. In the other group, called the left ear

ablated (LEA) group, 30 units have been analyzed as to their spontaneous dis-

charge patterns and 23 have been analyzed with regard to their responses to a

rotati_na! driving functions which were either sinusoidal oscillations or

random noise. In the LEA group, however, prior _o the data acquisition, the

left labyrinth was surgically exposed and all semicircular ducts were aspirated
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The neural responses obtained from Scarpa's gangiJon in the right ear were com-

pared fcr the E_';and LEA sroups. The EN group data show linear and non-linear

transfer characteristics whicn are comparable to those we have previously de-

scribed (Correia and Landolt, 1973, _977). However, the LEA group (where

supposedly efferent feedback from the right ear was interrupted) the following

observations were made.

SDontaneous discharze characteristics. Almost without exception, it has

been observed that following ablation of the contralateral labyrinth, the spon-

taneous discharge from primary afferent fibers exhibit a cyclic trend in their

ISI patterns. Figs. 8a and 8b illustrate this for a unit which is charac-

terized as having a "regular" discharge pattern. Figs. $a and 9b demonstrate

the cyclic trend for a representative unit whose discharge pattern is charac-

<erized as beizlg of an "irregular" pattern. For comparison, Figs. 10a and 10b

illustrate spontaneous discharge characteristics of a representative unit

from the EN group. Currently, statistical comparisons are being made between

the first four moments of all of the units which comprise the LEA grou_ and

those which com[_rise the E!T group.

Linear and non-linear transfer characteristics. The linear transfer

characteristics obtained for the LEA group of units were also characteristicaly

different from those obtained from units which comprised the EN group. The

major characteristic Change which appeared to occur in the LEA group is

illustrated in Fig. 11, where it may be seen from a real-time plot of the

frequency response amplitude ra<io rel_-ing neural firing to table velocity

that, over the frequency range from 0C-3.0 Hz, there appears to be a defer-

mation in the shape of the transfer characteristic. However, over the region

h_om 3.0 Hz to 10.0 Hz, the linear transfer characteristic is Guite similar to



Page-14F •

LO

_.1

Ut-

b-

t./

r,,

r,, W
_ u

m

I
I

u4

tJ
Q

L

I

I

i

O

O

O

<D

_q

O

_n

q_
_q

_J

c"

(3

O

m

u

o ,..-4

od

..-3

°r4



Page-15F

.-r-

Oi

I'IJ

L_I

"T-

_J
CE

W

0

?

f%

I,,-

4

",4

0

r_
_J

.;..4

_J

-4

r"
°_._

0

o9

59

p-4
L_

E
0

q)

0
44.-.

u')

== 0
_d

_0 V

(,3_..
-,-4

co

U

..4



Page-16F

b

_J

u/

0

, ,: I• . I.o; _.. ,.4

• . • .'.. • . . .

: . ""'" .'I
; : • • '. ..

• . "% • " ' .° ' ' o

(D . .,, , ;
t. " "_ 0

• . ' o sl "
• .. " .r" .

• .%|'. . . ° • e e •

• • • .%. :"

• . • #o . • • • •

. • . .o _ •

• .- • e .

• . o. . • •

. •Q, . • .et

• . 4D .

_ 4 . ' ' " .:."-._...',.:,...,.

' ,Q18
•-r _ . . . . • •. :.:.., _.j.. ..

• •. • .• . • # .."
.. . :. |

.... •.

°°. • * • _ •

• °o . ° _, ."

• • ; " I° , •

t ° • _° °° ,_ _
°.

o ,

° . .. °°o

• , ° _ •

• , •

° • • • • •" • • " ,.• " ' ,°° '° o _

• " . " ' , . ' ,'; ,.',. . ,., ",'"



•Page-17F

- _
C'

£,?

Z:

.J

0£
Ul

o

uJ

o

U9

j."

tq

1..1

r,

,,'4

°,.'4

tm
.,-.t

4.J

U3

_ 0

rj

u 0

o

.,-4

U9

._q
o_

%J

t_
°_

u.



,-0
o,---q

"0

L_I

F--

Page-18F

O

.&
Q

N

/

<S_) _SI

% . , .

C_

m

i

C
O
..-4

,-4
G
In

,.-4

,c

%,'I)
o

O

c
O

4-,

co

£
..-i r_
L

(n

-.4
•,-i [._

0 -

N
m _

- 0

U'l -
I-4

0 _

_ 0

,'t"J

% °,...i

o
,-4

ilj

.,.-4



_-_:-_' _-"_ Page-19F

" V_''_'TTr*,_? D T .... _,_.--'r-_,,

_J

0_
uJ
p-

8

-

" "" '| I I | : • 'I' I _ 'I

I

S7Hr_SIId -_0 _3aN_7N

.-4
0
_9
.,,.4

--4

r_

t)

0

t-
o

_2 ,7

m
r_ t_

.._

c_2

,.-..i

,_7 ,..--
°_ _

(,') _
0 0
> e...

0 m

a-i _'d
0

_ 0

0 4o
-,-4

e.O0

1._ 1._

0
,-4

t.a3

C,..,



Page-20F
_,'_T'_.'T_--,,_ T • .-

:I I I I I I I I I I I I I IIl I I I I_ I I I I _ I

11
tO

A

¢1



CONFIDENTIAL Page- 2 IF

P?.iVILESED INFORVATISN

".hat observed for units seen in the EN zroup (a representative trznsf=r charac-

-.eris'cic which is showm in Fig. 12). Currently, we hypothesize that ever the

bananaas from DC-3.0 Hz, the long rime constant of the semicircular canal

is modified and different trar_sfcr characteristics occur over this range,

whereas the slight change noted for the bandpass 3.0 Hz to I0.0 Hz, reflects the

lack of effect of efferent control on the dynamics of the system in a range

which reflects the short-time constant, T , and neural adaptation operators. We
2

are currently trying to quantify these observations. The decrease in the

coherence function in the range DC-3.0 Hz (cf. Figs. i! and 12) for the LEA

units suggest that non-!inearities occur over this range. However, we have

nor been able to examine these effects systematically.

4. Examination of the Morphology of the Pigeon's Vestibular

Neuroepithelium and Primary Afferent/Efferent System

Using scanning electron microsccpy (SEmi), we have been able to show that

the surface topology of the pizeon's vestibular neuroepizhelium has evolved

so that a maximum packing density of hair cells can occur on the cristae ampul-

laris (Landolt et al., 1975). Moreover, we have conducted light microscopy

pilot experiments which have provided provacative results which appear to

demonstrate that the distribution of hair cells on the surface of the cristae

ampullaris is in a prescribed pattern. That is, we have evidence which in-

dicates that type iI hair cells are concentrated mainly on the apex of the

cristae ampullares, whereas, type I cells are concentrated mainly toward

the periphery. In between t!l,:se two recions there appears to be a mixture

of the two types of hair cells. Usinz transmission electron microscopy (TE:_),

we have noticed that there is aver;, large ratio of gap junction synapses

(electrical synapses) of primary afferent fibers on hair cells as compared

to chemical synaptic junctions. These morphological results are consistent
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with the results of WilsGn and Wylie (1970) (who demonstrated neurophys!o-

logical evidence for the existence of gap junctions in the pigeon's vestibular

neuroepithelium). Finally, using TEM, we have noticed the presence of vesic-

uiated boutons abutt]nA hair cells in the cristae ampullares of the pigeon.

These vesiculated bodtons are usually taken as evidence of the efferent

synapses. IZ is important to the model which we have presented (Correia

and Landolt, 1977) that we determine the following conditions using morpho-

logical techniques. I) What is the ratio of efferent synapses to afferent

synapses within the neuroepithe!ium of the cristae ampullares. 2) What is

the ratio of gap junction to chemical synaptic junctions for a given dis-

tribution of hair cells of both type I and type II within the neuroepithelium

of the cristae ampullaris. 3) }_ere are the cells of origin of efferent

fibers which project to the hair cells of the cristae ampuilares. These

questions will continue to be addressed during the succeeding years of the

contract and the specific techniques that we will use to address these

questions will be developed in the following sections of this proposal.



Page-IG

VII. PROGRESS - 1975

FIRST QUi\I<TER PR©GR/ESS -May i, 1975/July 31, 1975

I Progress (Equipment Ordered)

Although this contract was awarded on 1 May 1975, the Principal investi-

gator did not receive an account number frozn the Office of Sponsored Re-

1975 at which thne the following major equipment put-

A David l_,opf microinjection unit

A Livingston Micropipette puller

A David Kopf intracellular stereotaxic franqe assen%bly with pigeon

ada pter

D. An Ortec window discri#nn_inator and instantaneous frequency/time

meter

,,. A storage usu_o_uup_

F. A Brown Type microelectrode beveler

F. Computer disk cartridges

LI Progress (Surgical procedures)

The following surgical procedures were investigated during the

reporting period:

i. Elow through-artificial respiration

Techniques were investigated to artificially ventilate birds so that

they could be paralyzed with Flaxedil and n_aintained for long periods

- unidirectional flo\v could
of time. It was observed that 95:5 0 2 CO Z

search until June 6,

chases were made:

A.

B.

C.
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maintain ani:nals if the posterior air sac was punctured with a needle

and a tracheoton_y perforn_ed.

iqo tests have been initiated with the use of Flaxedil because Vaso-

xyl has not been received. This drug lowers the heart rate elevated

by Flaxedil. These techniques will be developed in tile second quarter.

]3. EnccL)hale" isole"

Several pigeon cadavers were dissected and aspirated to develop a

technique to produce an "isolated brain preparation". The skull over-

lying the forebrain was removed to tile optic lobes. This technique is

still under development. In the second quarter conscious pain sensi-

tization will be tested. Once established, the procedure will be rou-

tinely used in data acquisition.

C. Receptor Isolation--

Rather than using procedures of receptor isolation using rotatory

stimuli. Techniques are being developed to localize receptor origin

of spontaneous action potential trains by use of the method of'_Vilson

oo'"

and Felpel. This technique (electrical isolation) will be useful when

intracellular recordings will be obtained later in the project and where

preparation vibration would introduce possible artifacts.

Ill Progress (Data Acquisition)

The computer prograna NIP (Neuronal Impulse Processor) has been

written by Mr. ]3rassard. This program permits one to interaetively pro-

ceed through spontaneous discharge analysis as follows:

A. Data is acquired in blocks of 1024 interspike intervals (ISIS). Ten

such blocks can be accornnuodated (101qISIS). Following each block one
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may

I. test for the trend (V,'ald V,'ol[o_vitz); display trend on 4010 graphics

terminal (see attached copy) along with standard normal variate

and its level of significance (indicated by ::: for i--K0.05).

2. pcrforn_ auto-correlation of ISIS via the route of an inverse Dis-

crete Fourier- Transform (FFT technique) and display the resulting

correlogram

3. form an interval histogran_ with its central movements (see

attached copy)

4. present tile relation of the current units coefficient of sk\veness

and excess relative to a history of units thoroughly analyzed by the

Pl and Dr. Landolt (see attached copy). Once the unit meets the

above criteria, it may be appended to a database which has been

developed and _vhich interfaces to data reduction programs.

IV. Data Reduction

We feel that v:e currently have statistical methods which enable us to

°°

detect subtle changes in firing pattern. Specifically, we can detect changes

in a unit's firing trend and compare it statistically with itself. \Ve can de-

tect changes in higher order temporal patterns of spike train fi1"ing by the

use of auto correlation. We can determine whether a unit is a renewal

type, i,e., whether it can be completely categorized by its first order pro-

perties, if a unit is from a renewal process, we can fit it with eleven can-

didate probability density functions (see attached copy) and colrlpare good-

ness of fit statistically by the coefficient of dete1"n%ination, Williams

l_.loot test,rootn_ean square error and least square error.
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SECOI<D QUAI', TEi< I?L;_.'<S

In the sucond quarter we propose to continue to develop surgical techniques

so that we may continue to obtain extra cellular control data on vestibular

neurons h% isole" enccphale'preparations. This control data will be co1_pared

with drug influenced data which we shall obtain in the tliird and fourth quarters.

In the second quarter when the equipment arrives,

cellular teclmiques to our preparation. I-]owever,

we shall initiate intra-

the top priority will be to

obtain a data base of spontaneous activity from anterior and horizontal canal

neurons from all "awake preparation".

In the second quarter, the computer progranl NIP will be expanded to dis-

play on the computer terminal an ISI histogram with the best fit probability

density function through it. Once this feature is incorporated into the program,

we can proceed through data acquisition and data reduction "on line".
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PROGRESS REPORT

NAS 9-14641

1 August 1975 - 31 September 1975

SECOND QUARTER PROGRESS

I. Progress (Equipment Received)

All equipment ordered in firs£ quarter of contract was

received with the exception of the Brown microelectrode beveler.

David Kopf was notified of their late delivery. They promised

delivery within 60 days.

II. Progress (Noise Isolation)

Three days were spent analyzing microelectrode system noise

levels. By the use of a new amplifier and special noise and

grounding procedures,system norse level _;as reduced to i00 _ volts

with the amplifier band passing DC to i0 KIIz. The following

equipment is included in system: microe!ectrode, DC amplifier

(X l),Grass amplifier ( X i000), oscilloscope, wisdow discrim-

minator, analog magnetic tape unit. The above noise level

also includes the following noisy signal sources proximal to

the preparation: operating microscope, motor driven micro-

manipulator, cauterizing unit. This noise level will permit

signal processing of extracellular and intracellular signals

where DC recording is required (EPSP, membrane voltages)

without special shielding procedures. Extrace!lular single

unit recordings were made using this new system.
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Progress (Surgical Procedures)

Ex_eriments were made with seven pigeons. All were

artificially respired using unidirectional-flow-through

artificial respiration. This procedure greatly facilitates

maintenance of the preparation in the face of considerable

surgical trauma. In four animals the cortex was aspirated

and a middle fossa approach was attempted to expose the

vestibular nerve intracranially. All exposures resulted in

failure due to excessive bleeding. Vestibular single units

were obtained in one preparation,ho_ever, the bird died before

prolonged recording could be achieved. A suboccipital approach

was attempted on three pigeons. All surgery resulted in

failure due to excessive blood loss. The above two procedures

have the advantage that they allow the animal to be fixed in

a stereotaxic apparatus and therefore permit rigid fixation of

the head in the normal orientation relative to gravity, iIowever,

the surgical trauma associated with these procedures make their

....p_emen_a_u,L u_des_rable. During the third quarter,data will
, .o*

be gathered using the Ewaldian approach which has been successful

in the past for the principal investigator. The stereotaxic

apparatus will be modified to permit rigid head fixation during

this approach. This rigid fixation will be necessary for

subsequent intracellular recording. Before the stereotaxic

instrument is modified for the Ewaldian approach an attempt

will be made to develop a dorsal approach to the vestibular

nerve. This procedure has been used to gain access to the

vestibular nuclei (Wilson, 1968). It should involve minimal

bleeding and rigid fixation of the head for subsequent intra-

cellular work.
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IV. ['rogress (Data Acquisition and Data Reduction)

It was determined by the principal investigator that

stationarity as well as drug induced changes in neural

activity could be carefully examined on-line by a Fourier

Analysis of frequency of firing of a neuron. This method is

faster than the corresponding time domain auto correlation

function and can present a history of firing patterns of a

neuron over time. However, to prevent aliasing, neuronal

pulses must be passed through an ideal low pass filter

(sin x/x). To this end we acquired from Dr. French his program

to achieve this filtering. Mr. Brassard has analyzed Dr. French's

program (written in machine language), extracted the algorithm

(see attached description), generalized the program to 1024 points

and is currently encorporating the Fourier analysis module into

the neuronal impulse processor. During this quarter the

computer program which we shall use to analyze changes in the

interspike interval histograms of vestibular primary all,rents

was published and a reprint is enclosed. -"

V. Progress (Publications)

The following publications which are related to this

contract and their status are described below:

me Brassard, J.R., Correia, N.J. and Landolt, J.P. A computer

program for the graphical and iterative fitting of probability

density functions to biological data. Computer Programs

in Biomedicine 5: 11-38, 1975.
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, , . _l_st-Landolt J P. and Correia, _,:.J. Neurophysiology of : _

order vestibular units in the pigeon. I. The stochastic

properties of the spontaneous activity in anterior

semicircular canal units• (final draft completed, to be

submitted to J. Neurophysiol.)

• Correia, M.J. and Landolt, J.P. Neurophysiology of first-

order vestibular units in the pigeon. II. A point prosess

model of the impulse-generating mechanism in anterior

semicircular canal units. (final draft completed, to be

submitted to _. Neurophysiol - HASA support achnowledged)
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THIRD QUARTER PLA[;S

During the third quarter data will be gathered from an

"awake" preparation using the Ewald approach. Since the

preparation will be awake, pain _;ill be avoided by using

local anesthetic infiltration of the neck muscles which must

be partially severed. Also we will attempt to develop a

dorsal approach to the intra cranial portion of the 8th nerve.

During the third quarter the data reduction portion of the

neuronal impulse processor should be completed. That is, the

Fourier analysis module of Interspike Interval analysis should

be completed, Tektronix 4010 graphical display of the probability

density function program should be implemented. During the

third quarter "normative" data will be gathered which will be

compared to previous data gathered _Jith barbituate anesthesia

and 4th quarter data gathered under different drug conditions.

oo
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FA3? FOUkiER ":'RAI_SFOi::_ OF lli'JERLYY;FF ;Fi'FRU/',L3

Assume that during some sami_ling time period, T, a sample

of consecutive, event occurrence times, ti(i = 0,1,2,...,nT) , is

obtained for each i by

i

t. = X X.

x j=l ]

(1)

where for each j, x. = t. - t. is an interevent interval.
3 ] ]-i

A direct Fast Fourier Transform (FFT) of the interevent

intervals, xj, would not be meaningful since each interval time

is dependent on the time, t , which is tile initial time of the
o

period T.

One could apply the FFT to the ordered set of event times

{t i} computed in (i). However, because this is a set of discrete

times, the problem of aliasing would arise.

A.S. French solved this problem by applying a "convolution"

.....m_hod to the set of values {t i} _-,_fcre_ usin_ the .Fv__. T-_,,_s me_hod
.. ..

consists in substituting the continuous function

gi(ti) : sin (2nfliti)/(2_fHt i)

for each event ti, (i = 1,2,...,_%F),where fN is the Nyquist

(folding) frequency,

(2)

fN : i
2AT , (3)
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and where L7 is ,'_he rate at whici: each i',i is to be sampled.

fhe functions {gi(ti ) } whici, are ce:,_ered tir, ewise at the

respec'_ive events {ti} , are then "sampled" (computed) at the selected

rate, AT.

For simplicity's sake, let g(t) be a reFresentative member

of the set of functions {gi(ti)} such that

g(t) = sin(2_fNt)/(2_rfNt) (4)

which is centered at event t. By the Euclidean Algorithm, this

event may be expanded in the form

t = n _'r + r (5)

where n is an integer and 0 < r < A_.

Substituting (S) into (4) and expanding we have

g(t) :

g(t) :

sin [2_fI_(nAr + r)]

[2_fN(nAr + r)]

sin (2_f.,n£T) cos 2_rf_,r

[2_fN(n&r + r)]

+

cos (2,_fi_nAT) sin 2 _ fl,.r

[2_fN(nAr + r)]

(6)

Then, substituting (3) into (6) we have
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g(,t)

]"7")sin raT_ cos

(na_ +r)
A_

(nA_ + r)
AT

< l"_])(+-I) sin 7[?

(nAT + r)

AT

T"N

_(nAr + r)

AT

(7)

Since the remainder term, r, in (5) also represents

the relative time location of the evezrt t from the nth sample,

by assuming that the occurrence time of the event is to = 0

and that the d_st_n_= _*_,,_ _=_7_ _ _ ___I_=_ _r_

can be "sampled" (computed) as follows for eve_ k_r radians,

(k : 0, + i, + 2, ..., +m), relative to the current location

of the previous "nth" sample time [i.e., relative to

(7_) -_(r+kAT) ] until for the values k : + m ort : - _ - kn :
AT

for e an arbitrary positive number, Ig (t)l < e:

/ \

-sin _(r+kA_) sin(r_TJ cos kTr
_': A "[ \ _,T /

g (t) :

-_ (r+kAT) A_
A_

sj.n (r+r_
?F_',

+

-- _r(r+l:A_)
AT

(8)
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Y'_.... samule, functions {gi<*i)},_ obtained from {_..(._t i)}

for each i using (8), are added into a time array to

form a sum, sample /unc_ion

n T

h(t) : [ _,i(ti)
i=l

(9)

The FFT is then applied to the array containing (9),

this array being the discrete replacemcnt for the sequence

of time events [ti}. Note that because of (3) this array

also removes the problem of aliasing.

o.
o
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PROGRESS REPORT

HAS 9-14641

1 October 1975 - 31 December 1975

THIRD QUARTER PROGRESS

I. Progress (Equipment Received)

All equipment ordered in the first quarter of the contract

was received. Brown microelectrode beveler (David Kopf) was

received, tested and accepted.

II. Progress (Experimental Results)

During this quarter's reporting period experiments were

performed on 10 pigeons, single unit action potential neural activity

from 30 neurons in the vestibular ganglion was monitored and stored

on analog magnetic tape. All experiments were performed on the

pigeons in an "awake preparation" anesthetic condition. The se-

quencing of anesthesia to produce this condition was as follows: At

8:30 A.M., 50 milligrams of Ketajec, "Ketamine Hydrochloride" was

injected intramuscularly into the breast muscle of the pigeon. In

approximately i0 minutes the bird was in a state of general

anesthesia. During this level of anesthesia, a tracheotomy was

performed after the area surrounding the incision had been infil-

trated with xylocaine (lidocaine). Following infiltration of the

surrounding area with xylocaine, a midline incision was made from

the bird's vent to the breast bone, the posterior air sac was

punctured, and a 95% to 5% 02 - CO 2 mixture was blown through the

animal at a rate of 500 ml/min. After infiltrating the neck muscles

which overlie the parietal bone, with xylocaine, Scarpa's ganglion
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was exposed by the Ewaid approach. Recordings were made from a

region which had been previously confirmed as the location of cell

bodies of the anterior semicircular canals. Recording sessions

usually began at 3:00 P.M. with no subsequent injections of

Ketamine following the initial injection at 8:30. Prior to the

recording session the animal was paralyzed with i0 milligrams of

Flaxadil (Gallamine triethiodide). Recordings were obtained with

3M NaCl glass microelectrodes whose resistance was 1 Meg. ohm.

Data reduction plots of single unit action potential trains,

which were obtained under the above anesthetic conditions, are

displayed in Figures 1 - ii. Two units are presented which are

representative of those which have previously been described as

"regular" (Figures 1-5) and "irregular" (Figures 6-11). The first

order statistics presented in Figure 1 illustrate that a "regular"

firing unit obtained from an "awake" preparation has a mean and

standard deviation which falls within the range of those obtained

from a preparation under barbiturate anesthesia. Specifically,

the mean interspike interval for the "regular" firing unit dis-
J

played in Figure 1 was 7.4 milliseconds. The range of interspike

intervals obtained for vestibular units with barbiturate anesthesia

was from 4.0 milliseconds to 51.2 milliseconds. Similarly the

standard deviation of 0.57 for the unit illustrated in Figure 1

falls within the range of standard deviations for barbiturate units

which is between 0.18 milliseconds and 32.07 milliseconds. Figure 2

indicates that a periodicity exists in the "regular" firing inter-

spike interval train. This is further supported by the auto-

correlation plot presented in Figure 3. The trend analysis in

Figure 2 indicates that the periodicity, which produces a highly
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significant _¢ald-Wolfo_¢itz Z value, is produced primarily by the

inherent periodicity in a very regularly repeating interspike

intervals which is inherent in "regular" firing units. It is

interesting, however, to note that the trend analysis plot indicates

that the unit's statistical characteristics do not change over

time. That is, the firing pattern observed from the first to the

512th interspike interval is very similar of that observed for

the 513th through the 1,024th interspike interval. This paradox

points out that one must be careful in using the Wald-Wolfowitz

and auto-correlation functions as indicators of stationarity.

While the first and second moments are comparable for a "regular"

unit observed from an "awake preparation and a preparation under

barbiturate anesthesia, the third and fourth moments are not. The

coefficient of skewness obtained for this unit was 15.13 and the

coefficient of excess was 41.73. In our previous work we have

never obtained a coefficient of excess with such a large value

(see Figure 9). Another difference is illustrated in Figures 4

and 5. The Ko!mogorov Smirnov statistic of probability of good

fit for the p.d.f, whose distribution function is the normal

distribution and the Wiener-Levy first passage time distribution

functions are 0.0869 and 0.375 respectively. When the same models

were fit to interspike interval histograms obtained from discharge

patterns in barbiturate anesthetized animals, the "best fit"

Kolmogorov Smirnov statistics for comparable discharge patterns

was 1.0 for the normal and 0.998 for the Wiener-Levy. A Kolmogorov

Smirnov probability of 1.0 indicates a perfect fit.

Therefore, in summary, these preliminary data, based on a

very small sample, indicate that a "regular" firing vestibular unit
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obtained from an "awake" preparation produces a discharge pattern

whose mean, standard deviation and coefficient of variation are

similar to that obtained from a comparable unit in a barbiturate

anesthetized preparation. However, the coefficient of excess and

the coefficient of skewness, which are based on the fourth and

third moments respectively, are grossly different for an "awake"
!

preparation vis-a-vis a barbiturate anesthetized preparation. Also

probability density function models which produced good fits to

"regular" unit interspike interval histograms obtained with barbi-

turate anesthesia do not appear to fit those obtained from an "awake"

preparation. It should be reemphasized that the above conclusions

are very preliminary and can only be stated with certainity when a

much larger sample has been obtained and when a range of probability

density functions have been fit to these data and compared to those

obtained from barbiturate anesthetized preparations.

The "irregular" units obtained from an "awake" preparation

displays statistical properties which correspond more closely to

those obtained under barbiturate anesthesia. The-_nit presented in

Figures 6, 7, and 9 has first, second, third and fourth moment

statistics which are comparable to those which were obtained for

"irregular" units under barbiturate anesthetic conditions. Speci-

fically, the Z statistic in Figure 6, indicates that no significant

trend was observed in the action potential train of 1024 impulses.

This lack of periodicity is supported by the auto-correlation

function presented in Figure 7. The mean and standard deviation

of the interspike intervals, which comprise the interval histogram

in Figure 8, fall within the range of values obtained from

preparations under barbiturate anesthesia (vide supra). In Figure
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9, the "irregular" unit obtained in the present study is indicated

by + and its relation to units obuained in a previous study under

barbiturate anesthesia can be noted. The black circle values

indicate units whose properties allowed us to classify them as

renewal _]nits and the closed circle values indicate nonrenewal

units. When we compare the Kolmogorov Smirnov probability values

(Pks) for the "goodness of fit" of the probability density functions

for the Wiener-Levy process and the Ornstein-Uhlenbeck process

illustrated in Figures i0 and ii respectively, we obtain Pks values

of 0.057 and 0.376. These "goodness of fit" indicators are higher

than those obtained for a unit which falls in a comparable region

on the BI, B2-3 plot (Figure 9) and which was gathered under the

conditions of barbiturate anesthesia. It appears therefore that

barbiturate anesthesia does not significantly influence the

statistical properties of an "irregular" type vestibular unit, at

least in comparison to "regular" units and as far as we can

presently determine from the very small sample of units which we

have obtained. The biological implications of this finding will

require careful analysis.

III. Fourth Quarter Plans

During the fourth quarter our efforts will be devoted to two

areas. First, we will continue to increase our sample of vestibular

units obtained from an "awake" preparation. If differences continue

to appear between these units and those which we have previously

obtained under barbiturate anesthesia we shall perform the following

experiment. We shall locate a "regular" vestibular unit, obtain its

statistical properties "on line", and then administer intravenously

1 cc of Equithesin anesthesia. We then will record the statistical
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properties of the same unit at various time intervals following

administration of the barbiturate anesthesia. We will repeat the

experiment with an "irregular" unit. These experiments will allow

us to monitor the dynamic time course of the effect of anesthesia

on spontaneous discharge pattern from the same neuron. In the

second area, we will compare the statistical properties of the

discharge patterns we have obtained from the "awa][e" preparations

with those which we shall obtain from preparations who have received
-5

injections into the otic capsule of the following drugs: I) I0

molar strychnine, 2) 10-4 molar atropine. These acelylcholinesterase

blockers has been shown to be effective in eliminating efferent

spontaneous activity within the vestibular neuroepithelium. We

suspect the efferent activity within the vestibular neuroepithelium

plays a role in the origin of the spontaneous afferent activity.

Therefore these drugs should significantly modify the statistical

characteristics of the spontaneous discharges which we observe from

vestibular primary afferents following their application. Drugs

which have been associated with the prevention or diminution of

motion sickness, such as diazepam and dimenhydrate will also be

injected into the perilymphatic space and the spontaneous afferent

discharge from the vestibular neuroepithelia will be monitored at

variable interval lengths following their application.
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VIII. PROPOSED DIRECTION OF FUTURE WORK

PROPOSAL -April i, 1984/September 30, 1985 (I 1/2 years)

A. Specific Aims

, Examine Scarpa's ganglion in three pigeons and

three gerbils using light (interference) microscopy

and TEM.

"a) Determine the ratio of myelinated cell bodies to

unmye!inated cell bodies, b) determine the ratio of multipolar cell

bodies to bipolar cell bodies, and c) determine if synaptic processes

exist in Scarpa's ganglion.

. Record intracellularly from Scarpa's ganglion cell

bodies in the pigeon.

a) Determine if postsynaptic potentials exist, b) deter-

mine whether the postsynaptic potentials are excitatory or inhibitory, c)

form inter.vent histograms for the postsynaptic potentials, and d)

inject Lucifer yellow dye into the cells and determine if cells are bipo-

lar or multipolar.

• Use light (interference) microscopy and TEM to

examine serial sections of the cristae ampullaris

in three pigeons and three gerbils.

a) Determine the distribution (produce a histogram) of

number of type I hair cells in a single nerve calyx, b) determine the

distribution of multiple type I hair cells, single type I hair cells and

II hair cells over the surface of the crista ampullaris, particularly

with reference to the apex and thebase.

• Record intracelluarly from hair cells and afferent/

efferent processes in the crista ampuiiaris of the

pigeon•

a) Determine if both excitatory and inhibitory postsynap-

tic potentials exist in the sensory neuroepithelium, b) Determine the

distribution of interevent intervals of the postsynaptic potentials, and

c) inject Lucifer yellow dye into the processes and determine if a given

process innervates a calyx with one or multiple type I hair cells, a type

II hair cell or combinations of multiple hair cells•

B. Rationale

Anatomical and electrophysiological evidence is accumulating to

indicate that a greater amount of neural processing occures in the vesti-

bular sensory neuroepithelium and its peripheral processes than was

previously thought. Caston and his colleagues (Caston, 1972; Caston and

Gribenski, 1975, 1977, 1982) have recorded the spontaneous activity on

single fibers from one (usually the anterior) of the ampullary nerves, in

the isolated frog head preparation, while applying electrical stimulation

to one of the remaining ampullary nerve branches or a nerve branch sub-

serving one of the otolith organs. They have found that electrical
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stimulation of each of these nerve branches has a strong inhibitory in-
fluence on the spontaneous activity of afferent vestibular fibers
subserving either the horizontal or vertical SC's. These results led
them to suggest that a small percentage (6-8%) of the total number of
fibers in the ampullary nerves are receptor-receptor fibers from the

other labyrinthine sense organs. They further suggested that excitation

of these receptor-receptor fibers has a strong inhibitory influence on

the spontaneous activity of ampullary afferent fibers. In their most

recent study (Caston and Gribenski, 1982), these investigators chroni-

cally sectioned the whole vestibular nerve either lateral and medial to

SG, recorded the activity on single ampullary afferent fibers from the

anterior SC during electrical stimulation of either the saccular nerve,

horizontal canal nerve, or posterior canal nerve. When the whole vesti-

bular nerve was sectioned medial to SG, electrical stimulation of the

saccular nerve resulted in inhibition of spontaneous activity in 21%

(12/57) of vertical ampullary afferent fibers tested. Inhibition of

spontaneous activity was noted in a similar percentage of anterior ampul-

lary afferent fibers during discrete stimulation of either the horizontal

or posterior SC nerve branches. When these investigators (Caston and

Gribenski, 1982) sectioned the nerve lateral to SG, inhibition was noted

in only 2 of 160 anterior ampullary afferent fibers during electrical

stimulation of the horizontal canal nerve. These results led Caston and

Gribenski (1982) to suggest the existence of an inhibitory feedback loop

"outside the brain but including SG and mediated by receptor-receptor

fibers. Schwartz etal. (1978) using HRP histochemistry and autoradiog-

raphy have demonstrated receptor-to-receptor connections by

collateralizing efferent axons in the pigeon. They injected small allo-

quats of HRP or tritiated adenosine into the sensory neuroepithelium of

one of the ampullae and the second marker in one of the other ampullae

and noted double labeling in efferent neurons in the reticular formation.

These investigators did not examine SG to determine if injections into

separate ampullae double labeled SG cells. The possibility of collater-

alizing dendrites from SG cells has been enhanced by the documentation

(using light and TEM microscopy) of multipolar neurons in the vestibular

ganglion of several species. Chat and Sans (1979) have identified multi-

polar neurons in the cat's vestibular ganglion. Ballentine and Engstrcm

(1969) have reported multipolar cells in the guinea pig's vestibular gan-

glion. Perachio et al. (1983) have reported multipolar cells in the

gerbil vestibular ganglion. Ylikoski and Belal (1981) and Kitamura and

Kimura (1983) have reported multipolar cells in the human vestibular gan-

glion. Surprisingly, Kitamura and Kimura (1983) also observed that the

majority of vestibular ganglion cells (in one human) were unmvelinated.

Kitamura and Kimura (1983) described two types of vestibular ganglion

cells; the majority of which were bipolar but some of which were multipo-

lar. They also noted that there were two classes of multipolar cells.

One of them was large and like bipolar cells, did not make synaptic con-

tact with any neural processes. However, a second class of small

multipolar cells synapsed with nerve fibers.
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Also, there appears to be a complicated network of innervation
in the neuroepithelium of the cristae and maculae. This innervation is
illustrated, for example, in Fig. 9.

A B

11 o._e_,,_ _ [_,,_'_ -vo_......... _-.-.---_---':-:"_::
I l (ofler Pern,er _ Gerin 71)
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Figure 9

A collage of figures indicating the neuroanatomical and neuro-

physiological correlates which we (Correia and Landolt, 1978)

have suggested are associated with the origin of spontaneous

activity recorded on vestibular primary afferents. (A) A sche-

matic conceptualization of the complex unmyelinated processes

within the vestibular sensory neuroepithelium of mammals. Note

the similarity between the synaptic structures associated with

the type I hair cell on the right side of the figure and those

presented in Fig. 8C for the pigeon. (B) Two action potential

trains with their resulting interspike interval histograms.

These data were obtained from single anterior afferents in the

barbiturate anesthetized pigeon. The action potential train

and ISI histogram on the left side represents a regularly

firing afferent; whereas the action potential train and ISI

histogram on the right side of the figure illustrates an irre-

gularly firing afferent. Note that these two ISI histograms

are incorporated in the family of probability density functions
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(see Fig. 9D) which describe the first passage time of a
Wiener-Levy process with absorbent barrier. (C) A conceptuali -_
zation of the relationship between a single unit action
potential train and the membrane voltage of the neural unit
which produces the train. Depolarizing EPSP's drive the mem-
brane toward threshold and the production of an action
potential while hyperpolarizing IPSP's work to drive the mem-
brane away from threshold. Based on this conceptualization the
ISI histogram is determined by the absolute number of EPSP's,
or when present, the ratio of IPSP's to EPSP's as these graded
potentials contribute to the generator potential which is be-
lieved to produce the action potential on a vestibular primary
afferent at the spike originating locus (SOL). The SOL is
thought to be located at the point of myelinization of vestibu-
lar primary afferents as they exit the basement membrane of the
sensory neuroepithelium. (D) A family of probability density
functions for the Wiener-Levy process. This process, has a ri-
gorous mathematical foundation, and has been used to describe
the Brownian motion of a particle before it passes through an
absorbent barrier.

In Fig. 9A shaded neural processes represent efferent axons.
_nshaded neural processes represents afferent dendrites. In birds, mam-
mals, and some reptiles there are two types of hair cells (Wersall et
al., 1965) and they are innervated in fundamentaly different ways (Ades
and Engstrom, 1965; Engstrom, 1968; Engstrom et al., 1972; Engstrom et
al., 1965). Usually the unmyelinated dendrite, which innervates the type
I hair cell, forms a nerve calyx around most of the subsurface portion of
the sensory cell. In some cases, the unmyelinated dendrite may branch
and form individual nerve calyxes with up to i0 other separate type I
hair cells. In the the neuroepithelia of the vestibular apparatus of
some species, for example, in the bird, a single nerve calyx may surround
up to 12 type I hair cells (Friedmann and Bird, 1967; Jorgenson, 1970,
1972, 1973). The type II hair cell on the other hand, is innervated by a
bouton-like terminal from the unmyelinated dendrite of the primary affer-
ent bouton. As in the case of the type I hair cell, several type II hair
cells may be innervated by branches from a single dendrite. A dendrite
may even branch, differentiate into a calyx or bouton and then form a sy-
naptic junction with another type I and/or type II hair cell. Other ever
more complex synaptic arrangements are also possible (Bergstrom and Eng-
strom, 1973). For example, a nerve calyx may form a synapse with a type
I hair cell on its innermost side and at the same time form a synapse
with a soma of an adjacent type II cell on its outer most surface (Eng-
strom et al., 1972). Even reciprocal synapses between hair cells have
been noted (Dunn, 1980) in the bulfrog.

The fibers which innervate the hair cells form a complicated
neural plexus. It has been known for some time that thick, medium, and
thin fibers innervate the sensory epithelium of the crista ampullaris
(Raymon-y-Cajal, 1908). Thick fibers have been shown to branch into 4 o_
5 thinner fibers each of which forms a nerve calyx with a type I cell.
Medium size fibers form calyxes with type I hair cells in a similar
manner. There are also fibers which branch and form afferent terminal
endings (boutons) on the somas of one or more type II hair cells. Thin
fibers branch and form en passant and terminal endings (boutons) on the
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somas on zype II hair cells (an axo-somatic synapse) and on the unmyelin-

ated axon calyx surrounding the type I hair cell. Efferent (centrifugal)

fibers are known to synapse on hair cells in the vestibular neuroepithe-

!ia (see for example, Klinke and Galley, 1974). Bouton terminals for

these fibers synapse on type II hair cells and the calyxes of type I hair

cells. The efferent bouton terminals on type II hair cells are presynap-

tic with regard to the afferent synapse in the same cell. This means

that an efferent synapse could control (increase or decrease) the amount

of transmitter substance released at an afferent synaptic site. It it

controversial as to whether the vestibular efferent system is inhibitory

or excitatory (Fex, 1962; Flock and Russell, 1973; Gleisner and Henriks-

son, 1963; Salla, 1965; Schmit, 1963; vis-a-vis Goldberg and Fernandez,

1980).

There is good anatomical (e.g. Engstrom et al., 1972) but lim-

ited electrophysiological (Schessel and Highstein, 1981; Rossi et al.,

1980) evidence to suggest that it is primarily neurochemical synaptic

transmission that occurs within the vestibular neuroepithelium. For ex-

ample, presynaptic structures are found in the hair cells. These

structures, which may be elongated, spherical, or omega shaped, are

always surrounded by synaptic vesicles; the latter of which have been

associated with synapses that release the neural transmitter substance.

,Similarly, the bouton endings of efferent fibers are characterized by

having small vesicles inside the nerve ending and a synaptic cisterna in

close opposition to the postsynaptic membrane.

Electrophysiological support has been given for the existence

of excitatory postsynaptic potentials (EPSP's) in the vestibular neuroe-

pithelia. Ishi et al. (1971) and Furukawa and Ishi (1967) have recorded

intracellular spontaneous and sound-driven graded potentials in the sen-

sory axons of the VIIIth nerve of _he goldfish. These potentials, which
were recorded near the basement membrane in the macula sacculi, were re-

garded to be postsynaptic EPSP's. Schessel and Highstein (1981) recorded

intraceiiuiariy from irregular vestibular afferents in the lizard near
the basement membrane of one of the cristae. They observed spontaneous

EPSP's (5-15 mv) with a rapid decay of the falling phase. These poten-

tials did not reverse polarity (become IPSP's) with hyperpolarizing

current injection. Rossi et al. (1980) made intra-axonal recordings from

frog primary afferents innervating the posterior canal. They recorded

EPSP's and action potentials. Following electrical stimulation of the

distal cut end of the posterior nerve at 50 pulses/sec, orthodromic

spikes were eliminated and the frequency and amplitude of the EPSP's were

slightly reduced. Flock and Russell (1973) have recorded nerve poten-

tials from lateral line organs in the fish (Burbot) and they have

identified EPSP's as belonging to the afferent system and IPSP's as be-

longing to the efferent system. These investigators'

electrophysiological results were obtained during stimulation of the end

organ. However, spontaneous EPSP's and IPSP's may occur as a result of a

spontaneous random release of quantal portions of transmitter substance

in a way similar to that occurring with minature end plate potentials at

neuromuscular junctions. Highstein and Baker (1983) recorded from anti-

dromically identified efferent neurons in the toadfish. They observed

that the efferent neurons were spontaneously active. Thus, in summary,

it appears that at least in some species (primarily cold-blooded species

which are 'the only ones to have been tested so far) spontaneous EPSP's



Page-6H

have been recorded at or near the sensory neuroepithelium. Efferent neu-
rons are s¢ontaneously active. IPSP's have been recorded from the

lateral line organ during stimulation of efferent fibers. To date, we

are unaware of studies directed at studying spontaneous EPSP's and/or

IPSP's in an unanesthetized warm-blooded animal's vestibular neuroepi-

thelium. To conduct these studies in the unanesthetized but destriate

pigeon is one of the specific aims of the present proposal. Our interest

in this problem stems from our previous work in which we studied spon-

taneous activity on vestibular primary afferents. In 1978, we (Correia

and Landolt, 1978) examined the spontaneous activity on oostgan@lionic

ampullary afferents in the anesthetized pigeon using point process

theory. We determined that 60% of the ampullary afferent spontaneous

discharge spike trains could be modeled as a renewal process. That is,

it was determined by a rigorous set of tests that the spike trains con-

tained interevent intervals which were stationary, independent, and

identically distributed. It is known from renewal theory, that the real-

ization of a renewal point porcess can be completely described by its

first order statistical properties, that is, its pdf. Six candidate

pdf's were fit to ISI histograms of the spike trains (shown, for example,

in Fig. 9B) The pdf which provided the best-fit to all ISI histograms was

a pdf associated with a model which has been used to describe the motion

of a particle undergoing Brownian motion before it passes through an ab-

sorbent barrier for the first time. This particular model-the

_qiener-Levy model and a family of probability density functions (for var-

ious parameters) for this model are shown in Fig. 9D. The model was

adopted to the description of neuronal activity by Pernier and Gerin

(1971) and assumes that an action potential is produced at the spike

originating locus whenever the resting membrane potential (-V0) of a
neural unit is depolarized by n units to its threshold potentlal (-V + n)

(see simplified operation in Fig. 9C) Fig. 9C also illustrates that0the

net effect of summated EPSP's is to drive the membrane potential to the

threshold value. The net effect of the IPSP's would be to force this po-

tential in an opposite direction (demonstrated by the erratic curve in

Fig. 9C). Following the generation of an action potential (or absorption

of a particle by a barrier), the membrane potential is presumed to be

reset to the resting membrane potential and the process is repeated. It

should be emphasized that the model does not necessarily require the ex-

istence of IPSP's for its operation. It does, however, work best when

the membrane's potential is considered to take account of the net effect
of EPSP's to the net effect of IPSP's or alternatively, the net effect of

the total number of EPSP's (in the absence of and IPSP) that contribute

to action potential generation. We (Correia and Landolt, 1978) adapted

the model to the vestibular neuroepithelium by suggesting that anatomical

studies and sparce electrophysiological studies suggest that afferent and

efferent processes in the vestibular neuroepithelium contribute graded

potentials which when summated (spatially or temporarily) produce a gen-

erator potential which in turn fires an action potential at the spike

originiating locus. Among other things, this model predicts that high

firing-regular afferents should innervate more hair cells than irregu-

larly firing afferents. Assuming no IPSP's, this prediction is based on

the assumption of shorter ISI's due to spatial and temporal summation of

more EPSP's from multiple hair cell postsynaptic potentials as they drive

the generator potential to threshold. Schessel and Highstein (1981)

marked with HRP one afferent whose discharge pattern was irregular (no

statement was made about relative MFR). The afferent innervated five
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type I hair cells in a single calyx. The model also predicts that if

IPSP's exist as postsynaptic potentials on the unmyelinated afferen_ den-
drites in the vestibular neuroepithelium, the ratio of IPSP's tO EPSP's

prior to spike initiation will be greatest for irregularly firing affer-

ents. Finally, if as in squirrel monkey (Goidberg and Fernandez, 1980)

efferents are excitatory (produce EPSP's) and if general anesthesia

blocks efferent activity in pigeon as in frog (Schmidt, 1963), then the

model predicts that in alert pigeon the firing rate should be higher than

in the barbiturate anesthetized pigeon. In our studies summarized in

section II.C.I we found that the MFR on ampullary afferents was increased

83% in the alert pigeon.

C. Methods

1. Anatomical studies

Three pigeons, deeply anesthetized with intramuscular

ketamine hydrochloride (10-15 mg/kg) and intramuscular sodium pentobarbi-

tal (15-20 mg/kg) , will be perfused with fixative by an in vivo

transcardiac bilateral carotid catheterization method (Eden and Correia,

1981). Three gerbils, also deeply anesthetized will receive intracardiac

, pump perfusion of fixative. In both cases the fixative will be 5% glu-

teraldehyde in 0.i molar phosphate buffer. Following perfusion, the

labyrinths and vestibular ganglia will be removed. Each ampulla will be

separated and the ampullae and ganglia will be placed in a 1% phosphate

buffered osmium tetroxide solution for 1 hour. Following two water

rinses the vestibular ganglia and labyrinthine structures will be placed

in a uranyl acetate solution (1%_ for 1-2 hours. The tissue will then be

exposed to a graded series of ethanols for the purpose of dehydration.

Following dehydration, the tissue will be placed in a graded series of

100% alcohol-propoline oxide in a ratio of two to one, followed by a

ratio of one to one, followed by a ratio of one to two, followed by im-

mersion in propoline oxide. Following this procedure, tissue will be

exposed to a graded series of propoline oxide/plastic. Epon has been the

plastic used in the past (e.g. in Figs. 8A, 8C, and 6). The ratio of

propoline oxide to plastic will be two to one, one to one, one to two,

followed by vacuum embedding in plastic for 1 hour. Tissue will then be

set in a 60 degree oven overnight. The contents of three of the six

pigeon and gerbil labyrinths and three vestibular ganglia will be blocked
and cut with an LKBIII ultramicrotome at a section thickness of 1 micron.

The tissue will be oriented so that sections will be orthogonal to the

long axis of the crista (Landolt et al., 1975; Fig. 8B in this proposal).

These sections will be observed using high power light but primarily in-

terference microscopy. The remaining three labyrinths and three

vestibular ganglion will be thin sectioned and subsequently examined

using a JOEL 100-CX transmission electron microscope. Thick serial sec-

tions through the labyrinths in the pigeon and gerbil will be examined to

determine the number of type I hair cells in a single nerve calyx.

Counts of number of type I cells in a calyx will be overlayed on a 3-D
representation of the surface of the crista. Moreover, a count will be

made of the number of type I (including single cell in calyx) and type II

halr cells on the surface of the crista. This will be accomplished by

focusing through serial sections using interference microscopy identify-

ing type I and II hair cells and noting their topographical distribution

over the surface of the crista. Thick sections of the vestibular ganglia
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o[ the pigeon and gerbil will be examined using interference and light

microscopy. Orientation of the ganglia will be maintained by leaving

part of the vestibular nerve trunk attached to the ganglia. The tissue

will be sectioned in the plane of the soma and both axons of bipolar

cells (Fig. 9). The serial sections will be scanned to determine the

ratio of myelinated cell bodies to unmyelinated cell bodies as well as

the ratio of multipolar cell bodies to bipolar cell bodies within the

ganglion. Moreover, size and location of unmyelinated bipolar and multi-

polar cells will be noted. These results will be confirmed using TEM of
thin (silver) sections of the vestibular ganglion. These sections will

be scanned and sampled with low power TEM to determine the ratio of mye-

linated cell bodies to unmyelinated cell bodies, the ratio of multipolar

cell bodies to bipolar cell bodies and if chemical or electronic synaptic

processes exist in SG on to the perlk-_ryon and dendrites. If synaptic

processes are found in the vestibular ganglion, a qualitative description

will be provided of the synaptic clefts, presynaptic and postsynaptic
bodies and synaptic vesicles.

2. Neurophysiological studies

A series of pigeons will be prepared for intracellular

penetration of hair cells and sensory processes in the vestibular neuroe-

-pithelium or cells in SG. The animals will be prepared by methods

already developed and whose description follows. On the recording day,

each pigeon will be anesthetized using ketamine hydrochloride. The cran-

ium will be removed and a bilateral destriation will be performed.

Following destriation, no supplementary doses of ketamine will be provid-

ed. The thorax will be opened, the air sacks ruptured, and a tracheotomy

performed. A mixture of oxygen and carbon dioxide (95:5) will be passed

through the respiratory system of the bird at a rate of 200 ml/min. The

animal will then be given a dosage_of Flaxedil (see Pitfalls section).

Finally, using a lateral approach to the otic capsule, the anterior semi-

circular duct will be transected near the ampulla (Correia et al., 1973;

Eden and Correia, 1982) and microelectrodes will be advanced into the

vestibular neuroepithelium from above using a Burleigh microdrive. Ini-

tially the microelectrodes will be micropipettes filled with a 3-5%

solution of Lucifer yellow dissolved in 1 molar lithium chloride

(Stewart, 1978). Subsequent experiments will use micropipettes filled

with 5% HRP and reacted with DAB (Perachio et al., 1983). We will use

Lucifer yellow initially to: a) lower electrode resistance; b) bypass

the DAB reaction process and evaluate the sensitivity of Lucifer yellow

as a marker of fine processes. The micropitettes will be pulled so that

they have extremely fine tips but as low DC resistances as possible (<

i00 Mohms). Voltage fluctuations will be monitored using the WPI 700A

amplifier and stored on FM tape. Intracellular penetration of afferent

or efferent terminals will be differentiated from intracellular penetr-

ation of hair cells by the presence of action potentials interspersed

between graded postsynaptic potentials (for example, see Fig. 1 in Sches-

sel and Highstein, 1981). Following a period of recording spontaneous

activity from within an afferent/efferent terminal or hair cell, the mem-

brane potential will be hyperpolarized by injecting current through the

microlectrode. The resulting graded potentials will be examined to de-

termine if they reverse their polarity (Eccles, 1969). This latter test

will be performed to determine if IPSP's not originally seen are masked

by EPSP's. Following hyperpolarization of the membrane and capturing the
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graded potentials on FM analog tape, Lucifer yellow will be injected into
the terminal/hair cell using iontophoresis. Processes will be injected
by continuing to pass constant-current hyperpolarizing pulses of 1 sec

duration at a rate of one every 2 sec. Dye will be iontophoresed from

the microelectrode by applying a negative potential through a 1,000 Mohm

limiting resistor to the back of the micropipette (Stewart, 1978). Dye

injection time (nA-min) will be determined empirically. Start values

will be 5-10hA for 20 min. or until action potentials fall to 1/3 of

their initial height. Following injection, the ampulla will be removed.

During initial experiments, the tissue will be fixed by inversion of the

ampulla into a 4% formaldehyde fixative in a 0.1M phosphate buffer (pH

7.4) for 4 hrs. The tissue will then be blocked (ampulla bisected),

dehydrated, and infiltrated with monomer (glycal methacrylate or Spurrs

medium) on a coverslipped slide. The monomer will be polymerized with

heat or light. The whole mount will subsequently be viewed with a Leitz

Dialux 20 microscope with appropriate barrier and excitor filters. The

paradigm described above for the sensory neuroepithelium will be applied

to a second series of animals in which an attempt will be made to intra-

cellularly penetrate SG cells or their proximal axons. These experiments

presume that in the pigeon, synaptic processes and multipolar cells were

identified by the anatomical studies. The ganglion will be exposed using
a lateral approach (Correia and Landolt, 1973; Correia et al. 1973).

Prior to attempted intracellular recordings a cotton pledget saturated

_ith collagenase will be laid on top of the ganglion. An attempt will be

made to penetrate ganglion cells and deposit Lucifer yellow dye inside

them. Graded potentials and action potentials will be recorded from

these cells. Following penetration, iontophoretic injection of Lucifer

dye will be carried out. The tissue will be prepared (as described

above) for subsequent observationusing fluorescent microscopy. Note

will be made of whether labeled cells are multipolar or bipolar and their

location within the ganglion. A correlation will be made between types

of postsynaptic potentials and cell morphology in both the vestibular
neuroepithelium and SG.

D. Time Table

During the first 6 months, the PI, Dr. Kevetter, and the re-

search tech. will process 24 pieces of tissue; 6 labyrinths and 6 ganglia

from 3 gerbils and 6 labyrinths and 6 ganglia from 3 pigeons. Initially,

3 labyrinths and 3 ganglia from a pigeon and a gerbil will be plastic em-

bedded, sectioned at 1 micron thickness and viewed using light and

interference microscopy. The remaining tissue will be processed and

viewed on a JOEL 100-CX electron microscope. We anticipate that we can

process one piece of tissue per week. This includes preparation of

tissue, viewing the tissue using the light or electron microscope and

producing topographical maps with counts to meet the specific aims listed

above. By the end of the first six months, it should be clear whether

there are multipolar neurons in the pigeon vestibular ganglion, how many

exist, where they are located, and whether these multipolar neurons and

some of the bipolar neurons are unmyelinated. It should be clear whether

our preliminary findings of multipolar neurons (labeled with HRP) in the

gerbil (a small mammal) vestibular ganglion (Perachio et al., 1983) are

confirmed. Also during this time period we should be able to determine

whether synaptic processes exist within the vestibular ganglion of the

pigeon and gerbil. Finally, during this time period we should be able to
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Droduce a map of the distribution of multiple and single type I and type
II hair cells on the cristae of the pigeon. These results will determine

the direction of the electrophysiological experiments which will be con-

ducted during the remaining 12 months of the first half of this proposal.

If snyapses are found in SG, hhen in the electrophysiological studies we

will attempt to penetrate and mark neural processes in both SG and the

vestibular neuroepithelium. Twelve months will be devoted to these elec-

trophysiological studies. If few multipolar cells or bipolar cells with

synaptic processes are found in SG, efforts will be concentrated on rec-

ording from hair cells and processes within the sensory neuroepithelium.

The majority of the procedures have already been developed

which will be used in the electrophysiological studies. For example, we

have experience with the bilateral destriate-flaxedil-artificially respi-

red pigeon preparation. Dr. Perachio and the PI (Perachio et al., 1983)

have experience with intracellular recordings from postganglionic vesti-

bular primary afferents in the gerbil. We have experience with

iontophoretic deposition of HRP inside these axons. We have experience

with obtaining access to SG and the individual ampullae in the pigeon

preparation (Correia et al., 1973). We (Eden and Correia, 1982; Correia,

et al., 1983) have used this access to deposit various substances (for

example, HRP and tritiated proline and fucose) within the endolymphatic

_pace.

However, we will have to develop procedures for recording from

unmyelinated afferent and efferent processes within the sensory neuroepi-

thelium. Moreover, we will have to develop procedures for iontophoretic

injection of Lucifer yellow into these structures and preparation of

whole mount specimens for subsequent viewing using fluorescent light mi-

croscopy. The PI and Dr. Kevetter both have experience in using

fluorescent microscopy to visualize cells in the central nervous system

which have been labeled by fluorescent dyes (for example, nuclear yellow,

true blue, and DAPI - for example, Eden and Correia, 1982). We antici-

pate that it will take a full 12 months to penetrate a sufficient number

of afferent terminals and cell bodies to make a statement about the type

of postsynaptic potentials which we record from within these structures

and their anatomical correlates. This projection is based on our past 1

1/2 years experience with trying to penetrate and recover HRP labeled

postganglionic tilt sensitive primary afferent fibers in the gerbil.

E. Pitfalls

Opening the ampulla to approach the cristae from above with a

microelectrode will disturb the homoestasis of the endolymphatic space

and possibly the cupula. These factors may reduce, distort, or elimi-

nate the generator potentials within the neuroepithelium. As an

alternate, early on, a series of animals will be studied in which a mi-

croelectrode will be advanced into the crista from below the basement

membrane (a la Schessel and Highstein, 1981). The PI has used this ap-

proach to record extra cellular potentials from ampullary afferents in

the pigeon (Correia and Dohlman, unpublished observations). The approach

which produces the highest yield of postsynaptic potentials and healthy

action potentials will be adopted.
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In the Methods, we propose to use Flaxedil. This drug is a

cnoiinergic blocker. Therefore, its use during the proposed studies may

abolish IPSP's or EPSP's produced by efferent (cho!inergic) neurons. We

will develop (in parallel with the early studies described above, a spi-

nalized pigeon preparation. If we are successful in developing this

preparation, we will abandon the Flaxedil. We have no a priori reason to

believe that we can't develop such a preparation. However, Flaxedil will

be used in the first studies to enhance chances of successful penetration

of neural processes.

PROPOSAL - October i, 1985/March 31, 1987 (1 1/2 years)

Ao Specific Aims

I. To determine the effects of systemically acting scopo-

lamine on SC and otolith afferent single unit responses to rotation,

tilt, and electrical stimulation in the unanesthetized pigeon prepar-
ation.

2. To determine the effects of systemically acting

scopolamine on graded potentials within the vestibular sensory neuroepi-

thelium in the bilateral destriate pigeon preparation.
d

B. Rationale

In recent years, scopolamine plus amphetamine has been the

drug mixture of choice for prophylactic therapy for space motion sickness

(Kohl and Homick, 1983) . The astronaut packs contain oral scop-dex in a

standard mixture of 0.4 mg scopolamine-5 mg dexadrine to be taken every

four hours (Homick, personal communication). The scopolamine is the pre-

sumed antimotion sickness agent (muscarenic cholinergic blocker) and the

dexadrine negates the drowsiness related to the scopolamine. Neurophy-

sioiogicai studies of the effects of scopolamine on unitary discharge in

the vestibular nuclei have been limited in number and scope (Jaju et al.,

1970); Kirsten and Schoener, 1973; Matsuoka etal., 1975; Kirsten and

Shauma, 1976). These studies have been primarily concerned with the ef-

fects of scopolamine on the spontaneous MFR, and change in frequency of

firing during electrical and rotatory stimulation. For example, Matsuoka

etal. (1975), studied single cells in the lateral vestibular nucleus, in

cat, following administration of scopolamine in a dose of 0.5 mg/kg i.v.,

the MFR was reduced to 14.2 + 0.6 imp/sec from a control group MFR of

19.8 + 1.6 imp/sec. Jaju et--al. (1970), studied effects of scopolamine

on vestibular nuclei neurons in encephale isole cats. They found that

when they recorded from a cell in the medial vestibular nucleus 2 hrs.

after administration of 5 ug/kg of scopolamine both the peak of the ISI

histogram and the peak of the cycle histogram (response to _ 50 degrees

at a frequency of i0 cycles/min) was reduced.

Since we were unable to find any literature which addressed

the effects of scopolamine on the dynamic response characteristics of
vestibular nuclei neurons, we developed me_hods and studied, in the alert

pigeon, responses of several lateral vestibular nuclei neurons to polar-

izing current applied to the labyrinth (Lifschitz, 1973). We applied

step currencts of various magnitudes and durations and formed frequency
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of firing histograms. A response, typical of those we obtained, is pre-
sented in Fig. 4A. The same stimulus was delivered at i0 min following
intracardiac injection of 0.173 mg/kg of scopolamine. The resulting fre-
quency of firing histogram is presented in Fig. 4B. A comparison of the
results presented in these figures shows that we extended the half-
amplitude decay time to the depolarizing step by 19 times following sco-
polamine injection. We also noted in the same neuron a decreased
spontaneous MFR from 48 imp/sec pre-injection to 24 imp/sec post-
injection (50% decrease). Since we used electrical stimulation, we pre-
sumed that we by passed the mechanical component of the cupula-endolymph
system and prolonged the decay of the processes associated with neuroe-
lectric transmission. However, we realized that the effects we observed
could be the result of the systemic action of scopolamine on several
neural systems which project to the vestibular nuclei including fibers
from the periphery, cerebellum, and other vestibular nuclei (see, for ex-
ample, Correia et al., 1983 - appended galley proofs). In this proposal,
we wish to retreat to the periphery and first study the effects of scopo-
lamine on single primary afferent discharge in the alert pigeon.

In our literature review, we were unable to find studies of
the effects of scopolamine on primary afferent discharge. However, there
is reason to suspect that scopolamine, classically regarded as an anti-
_holinergic drug, might act on the vestibular sensory neuroepithelium by
blockage of cholinergic efferent fiber synapses within the vestibular
neuroepithelium. Efferent vestibular neurons are thought to be choliner-
gic. The high content of acetylcholinesterase (ACHE) in efferent fibers
has been used to demonstrate the course and distribution of efferent
fibers in the vestibular neuroepithelium (Dohlman et al., 1958; Hilding
and Wersall, 1962; Ireland and Frakashidy, 1961) and in the brainstem
(Gacek et al, 1965; Goldberg and Fernandez, 1980). Moreover, Precht
(1981) cites an unpublished observation by Hartman who noted in goldfish,
a slight increase in afferent discharge (possibly resulting from disin-
hibition) following application of Flaxedil. We propose to study
spontaneous and driven responses of primary afferents during continuous
injection of scopolamine via an intracardiac catheter. Using scopolamine
dosed animals we will repeat the spontaneous discharge and rotatory stu-
dies we reported in section II.C.I and we will study ampullary afferent
discharge to polarizing currents applied to the labyrinth. We will com-
pare the results gathered during rotation vis-a-vis electrical

stimulation to differential the possibility that scopolamine directly af-

fects the cupula-endolymph system like alcohol, heavy water etc. (Money

and Myles, 1974).

Finally, we will study the effects of scopolamine on the

graded potentials within the vestibular neuroepithelium by using the

animal preparation we developed during the first half of the grant to see

if we can alter postsynaptic potentials by systemic action of scopolam-
ine. The results of these studies will be compared to those which we

conducted in the first half of the grant period.

C. Methods

i. Animal preparation
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It is estimated that 20 pigeons will be used to conduct

the s_uc_ies proposed during the last 1 1/2 years of this proposal. All
20 animals will be prepared for recording from vestibular primary affer-

ents while the animal is unanesthetized (see section II.C.I; Fig. i). In

1O of the animals, an indwelling venus catheter will be installed several

days prior to the aniticipated recording session. These animals will

subsequently be tested using a rotatory and tilt paradigm which is de-
scribed below. In I0 other animals, guide tubes to support a bipolar

electrical stimulating electrode will be implanted in the pigeons' skulls

(see section II.C.2) prior to the recording sessions and indwelling venus

catheters will be implanted into the animals' hearts. These animals will

receive electrical stimulation using the same voltage waveforms as the

other group of animals who received rotatory and tilt stimulation.

2. Drug infusion

On a given test day, once vestibular primary afferents

are located, an initial bolus of scopolamine will be infused into the

animal using an infusion pump. Thereafter, the drug will be administered

at a rate to provide a constant blood level of 0.i0 mg/kg of scopolamine.

In four control animals, two mls of blood will be withdrawn at the begin-

ning of the experiment, at the end of the second hour, and at the end of

the fourth hour. This blood will be assayed for the level of scopolamine

"in the blood using the method of Cintron-Trevino et al. (1982 - see ap-

pended abstract and letter). The results of this assay (adjusted to

register micrograms of scopolamine) will establish blood level concentra-

tions of scopolamine over a four-hour period which will be the usual test

period. The total blood volume of a pigeon is 9.2% of total body weight

(Altman, 1961). The pigeons which we will use are retired male breeders

whose body weight ranges from 700-900 grams (blood volume 64-83 mls) .

For a 700 gram animal, the blood withdrawn would be 9.3% of total blood

volume; for the 900 gram animal, the blood removed would be 7.2% of the

total blood volume. Following blood withdrawal, these four control ani
.......... _ _e_ r 1 _mais Wlll De returned to 5n_ir home u=_=_ and _,_t te_ A fo ......th. In

our preliminary studies, we inj.ected a bolus of 0.173 mg/kg of scopolam-

ine into the heart. Ten minutes following this injection we found

dramatic effects on neural activity of vestibular nuclei cells (see sec-

tion II.C.3). This dose level is i0 times that shown to produce an

effect in the cat vestibular nucleus in one study (Jaju et al., 1970) but

one-fifth that used in the cat in a second study on the effects of scopo-

lamine on vestibular nuclei activity. Since we observed effects at a

drug level of 0.173 mg/kg in the vestibular nuclei, we will try to main-

tain a blood level concentration of i00 ug/kg over a period of four

hours. If any adverse affects are noted the drug dosage level will be

adjusted downward; if no effects on vestibular primary afferent activity

are noted at this dose level the dosage will be adjusted upward in sever-

al animals. During all testing, scopolamine will be administered by a

drug infusion pump. During rotatory testing a hydraulic slip ring will

be used.

. Testing paradigm

Rotational testing will be carried out using a Contraves

Model #823 rate table. Electrical labyrinthine stimulation will be car-

ried out by delivering voltage wave forms through a Fredrick Haer
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constant current stimulator to bipolar stimulating electrodes. During a
given test session, a thin shaft micropipette will be lowered to the
region of postganglionic vestibular primary afferents. Once vestibular
primary afferents have been identified physiologically using a series of
rotations and tilts (Blanks and Precht, 1976; Perachio and Correia, 1983
b; Anastasio et al., 1983, see section II.C.1) , silastic will be placed
around the microelectrode in the recording well to stabilize it and drug
infusion will commence. We will use slender shaft glass micropipettes
(see Perachio and Correia, 1983a) with impedances in the range of 5-10
Mohms (at 1 kHz) and an electrolyte solution of 3 molar NaCI. For the
animals which will receive rotational stimulation, the following paradigm
will be applied: a) recording of spontaneous activity with the animal in
the standard postion (horizontal SC's coplanar with the earth's horizon-

tal plane) for 2 minutes, b) Two minutes of recording of discharge

activity with the animal pitched 10 degrees-beak down. c) Recording of 2

minutes of discharge activity with the animal pitched 10 degrees-beak up.

d) Delivery of 2 bandwidths of sum of sines with the peak velocity of

each component constant at 20 degrees/sec, e) If a unit remains follow-

ing the sinusoidal rotation, an acceleration pulse (velocity ramp) will

be administered. This velocity ramp will be an acceleration of 20 de-

grees/sec -2 to a constant velocity of 60 degrees/sec-maintenance of that

constant velocity for 60 sec then deceleration back to stop at 20

degrees/sec -2. For otolith afferents, the sum of sinusoidal rotational
stimuli will not be used but additional tilts will be substituted. These

tilts will be + i0 degrees roll to accompany the + I0 deg pitch which

will have already been administered.

Electrical stimuli will be delivered using the same pro-

grammable function generator which delivers the volatages to the

Contraves-Goertz rate table. However, these voltages will be fed into a

constant current source and delivered to the vestibular neuroepithelium

by the electrodes described in section II.C.2. Polarizing electrical

stimuli have been used by previous investigators to electrically stimu-

late the labyrinths (Lifschitz, 1973; Ezure et al., 1983; Goldberg et

al., 1982). During all of the test paradigms, the animal will be blind-

folded. The horizontal ampullary afferents will be tested with the

horizontal SC's in the earth's horizontal plane. Anterior and posterior

ampullary afferents will be tested with the animal rolled 90 degrees so

that the sagittal head plane is coplanar with the earth's horizontal

plane.

Do Data Analzsis

Using standard procedures, which we have described in the past

(Brassard and Correia, 1975; Brassard, et al., 1977; Ni et al., 1978;

Landolt, 1978; Landolt and Correia, 1980; Anastasio et al., unpublished

observations - see section II.C.I) we will analyze spontaneous and driven

activity of vestibular afferents with a constant blood level of scopolam-

ine ; (i00 ug/kg-start value) and compare these data with those which we

have previously derived for barbiturate anesthetized pigeons (Correia and

Landolt, 1973, 1978; Landolt and Correia, 1980) and alert pigeons (Anas-

tasio et al., 1983; Anastasio et al., unpublished observations, see

section II.C.I). Spontaneous activity will be analyzed by forming ISI

histograms and determining first order statistical properties (MFR, SD,

CV, BI, B2). Driven responses will be analyzed by forming Bode plots
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(see for example, Figs. 3A and B), cbtaining best-fit transfer functions
and sta_istically comparing time constants to those obtained from barbi-
turate anesthetized and unanesthetized pigeons. Those time constants
which will be compared are: the adaptation time constant; the long-time
constant (the so-called "cupula time constant") and the time constant as-
sociated with high frequency gain enhancement and phase advance. For the
acceleration pulse data, the time constant of decay will be calculated.
For the tilt data from otolith afferents, first order statistical proper-
ties will be calculated for the + i0 degree pitch, + I0 degree roll data
after 30 sec of maintenance at e_ch tilted position_ The same analysis
methods will be applied to vestibular primary afferent responses to
electrical stimulation.

Only spontaneous activity will be recorded and analyzed
in experiments where postsynaptic potentials are recorded in the neuroe-
pithelium of the scopolamine dosed pigeon. Note will be made of the
presence of EPSP's and IPSP's and interevent histograms will be formed
for postsynaptic potentials and action potentials. These measures will
be compared to control data gathered during the first half of the grant
period.

E. Time Table

In the past, we have found that we can study a chronic unanes-

thetized pigeon preparation for 1 month with test sessions each day

lasting at a maximum 4 hours. In a series of 20 pigeons we found that

using the small shaft micropipettes (Anastasio et al., unpublished obser-

vations) that we can make up to 50 passes through each of the wells into
the left or right vestibular nerves and still record from vetibular af-

ferents which appear to be healthy. Also during this period of time, the

pigeons do not appear to show effects of the repeated electrode penetra-

tions through the overlying brain structures. Therefore, we propose to

study one animal per month during the proposed period. Ten animals will
receive rotational and tilt stimulation and i0 animals will receive

electrical stimulation. Four animals will receive drug infusion and

blood withdrawal to validate the constancy of drug level over a 4-hour

period. Although tests will be conducted 5 days a week, no animal which

has received scopalomine will be retested in the same week. Since most

of the procedures in this part of the proposal will have been developed,

only the drug infusion and calibration of blood level dosage will have

start-up time. During the first month, we will concentrate on drug de-

livery systems and calculation of infusion rates to maintain a constant

dose level of i00 ug/kg.

F. Pitfalls

It may be that scopolamine has no effect on the mechano-

electric transduction chain in the peripheral vestibular system. It may

be that the preliminary results which we obtained from single vestibular

nuclei neurons were effects specific to synapses within the vestibular

nuclei themselves. However, as we stated in the Rationale, it seems that

the appropriate starting place for the analysis of the effects of scopo-

lamine on the vestibular system is in the periphery. If we determine

early in this series of experiments, that scopolamine has no effect on

the activity of vestibular primary afferents as evidenced by their spon-
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zaneous discharge and their response to rotation, tilt, or electrical

szimulation, we will not conduct the series of experiments in which we

propose to record postsynaptic potentials in the neuroepithelium of sco-

polamine dosed animals but move to the level of the vestibular nuclei and

apply our test paradigms to those cells. Unfortunately, that eventuality

will require additional work since we do not have control data (dynamic

response recordings from single cells in the vestibular nuclei in the un-

anesthetized pigeon preparation without scopolamine). That data, for

pigeon, which does not exist in the literature (to our knowledge) will

also be gathered during the second half of the grant period. However, we

have allowed a year and one-half for those studies. It seems that during

that time period, we can begin to study at least one of the vestibular

nuclei (probably the lateral vestibular nucleus).

FACILITIES AVAILABLE

A. Laboratory Facilities (Vestibular Neurobiology Laboratory)

• PI's laboratory

The PI's laboratory consists of 400 sq. ft. which con-

tains: a) rotator/tilt stand - a Contraves-Goertz Model #823 rate table

mounted in a Contraves-Goertz Model #4426 tilt stand and powered by a

"1,500 watt 1,500CP Hyband servo amplifier. The rotator is driven by wa-

veforms generated by a Hewlett-Packard (HP) 3722A noise generator, a ROM

programmable sum of sine wave generator and a Khron Hite 4024AR low dis-

tortion oscillator, b) Electrical stimulation equipment - (i) A WPI

#1800 neural stimulation "set-up" consisting of an interval generator

(WPI #1830), 2 pulse train modules (WPI #1831), and a dual isolator (WPI

_1880) , (2) 2 Fredrick Haer optical isolators (constant current stimul-

ation-bidirectional with a smooth transition through zero. c) Computer -

LSI 11/23 with: RX02 floppy drive/40 megabyte Winchester disk and 128 K

words of memory; four A/D converters (12 bit A/D conversion at a maximum

throughput of 200 kHz) ; two D/A converters (12 bit D/A conversion at a

maximum throughput of 200 kHz) ; and one programmable real time clock with

2 Schmitt triggers with adjustable level and slope controls.

. Core support facilities

a) Histology core unit - One room is used for tissue

preparation and one room contains a Lietz Dialux 20 research microscope.

The tissue preparation area contains several stirrers, balances, a pH

meter, perfusion pumps, a cry.star, a sliding microtome, a slide warming

tray, an oven, etc. The microscope room contains the Lietz Dialux 20

microscope with its attachments and capability for fluorescent, dark-

field, lightfield, and interference microscopy and photography, b)

Graphic arts core facility - The elements of the graphic arts facility

are: a darkroom and photography copy area (Polaroid MP-4XL camera copy

system). The darkroom contains an Ilfospeed 4250 print washer/dryer, an

Omega Pro-Lab enlarger, and a constant temperature bath. This facility

is used to develop and print photomicrographs (light and TEM) ; print ne-

gatives of graphs, tables, line drawings etc. c) Computer core facility
- A DEC PDP 11/20 computer with 8 channels of A/D, 4 channels of D/A, a

RK05 disk pack, 28 K words of memory, 2 DigiData tape drives (9 track,

800 bpi) , a Tektronix 4010-VT display with 4631 hard copy unit and a LA
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30 DEC writer, CSPI MAP-200 array processor (125 ns instruction time)

•,,i=n 12 }[-32 bit words of MOS memory, and an Apple microcomputer system

with 2, 5 1/4" disk drives and a digitizing pad. The resident software

library includes: a single unit action potential processing package with

graphical output (cycle histograms, auto-correlation, frequency of firing

histograms, interspike interval histograms, poststimulus time histograms,

amplitude ratio and phase calculations based on an interactive least

square fit of cycle histograms; a spectral analysis package based on the

fast Fourier transform with graphical output (autopower spectra, cross

power spectra, coherence, amplitude ratio, phase etc.; a package to in-

teractively determine the best-fit parameters of a transfer function

after amplitude ratio and phase values have been input.

So University Support Facilities

Support facilities (cost basis) on the UTMB campus include:

an animal care facility; a service computation facility; a medical engi-

neering facility; a medical electronics facility; and a medical

illustration facility.

Ce Transmission Electron Microscope Facilit[

. A suite of rooms (500 sq. ft.) containing a JOEL-100CX

transmission Electron Microscope, LKBIII ultramicrotome and a darkroom.

Suite and instruments available on a rental basis ($40/hr-see appended

agreement letter from Dr. Christensen, Department of Physiology & Biophy-
sics).
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